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ABSTRACT 


This  report  describes  research  performed  over  the  period  1st  January  2000  to  31st 
December  2000  on  a  MURI  under  Office  of  Naval  Research  contract  N00014-96-1-1 173  on  the 
topic  “Acoustic  Transduction  Materials  and  Devices”.  This  program  brings  together  researchers 
from  the  Materials  Research  Laboratory  (MRL),  the  Applied  Research  Laboratory  (ARL)  and 
the  Center  for  Acoustics  and  Vibrations  (CAV)  at  the  Pennsylvania  State  University.  As  has 
become  customary  over  many  years,  research  on  the  program  is  detailed  in  the  technical 
appendices  of  published  work,  and  only  a  brief  narrative  description  connecting  these  studies  is 
given  in  the  text. 

The  program  combines  a  far  reaching  exploration  of  the  basic  phenomena  contributing  to 
piezoelectric  and  electrostrictive  response  with  the  highly  applied  thrusts  necessary  to  produce 
the  “pay-off’  in  new  applications  relevant  to  Navy  needs.  Polarization  vector  tilting  in  the 
ferroelectric  phase  of  perovskite  structure  crystals  at  compositions  close  to  a  morphotropic  phase 
boundary  (MPB)  was  first  underscored  on  this  program  some  four  years  ago,  and  is  now  widely 
accepted  as  one  mode  for  exploiting  the  large  intrinsic  spontaneous  strain  in  the  ferroelectric  to 
produce  exceedingly  strong  anhysteritic  piezoelectric  response  and  very  large  electric  field 
controlled  elastic  strain.  New  evidence  for  the  importance  of  both  spontaneous  (monoclinic)  and 
electric  field  induced  tilting  on  the  properties  of  both  single  and  polycrystal  MPB  systems  is 
presented  in  this  report. 

The  puzzling  phenomena  associated  with  relaxor  ferroelectric  response  have  long  been  a 
topic  of  study  in  MRL,  where  the  micro-polar  region  model  and  the  application  of  Vogel/ 

Fulcher  to  the  dielectric  slowing  down  were  first  applied.  The  current  “pay-off’  is  in  the  greatly 
enhanced  relaxor  ferroelectric  electrostrictive  response  from  high  electron  energy  irradiated 
polyvinylidene  difluoride:  triflouroethylene  (PVDF:  TrFE)  co-polymer  discussed  in  this  report. 
This  development  opens  a  new  field  of  high  strain,  high  energy  density  actuators  with 
tremendous  practical  applicability.  Now  the  possibility  of  engineering  this  response  by  chemical 
manipulation  in  the  terpolymer  systems  without  irradiation  further  enhances  the  exciting 
possibilities. 

In  composite  structures,  the  early  promise  of  the  flextensional  cymbal  type  actuators  is 
now  being  fully  realized  and  programs  exploring  large  area  cymbal  transducer  arrays  are 
progressing  very  well,  both  at  MRL/ ARL  and  at  NRL.  The  connection  with  CAV  at  Penn  State 
is  particularly  important  in  keeping  the  MURI  faculty  aware  of  problems  endemic  to  water  as  our 
host  medium  and  the  effects  of  turbulence  in  flow  and  the  need  for  many  types  of  acoustic  noise 
control. 

New  designs  of  piezoelectric  transformers  and  motors  are  demanding  materials  with 
lower  loss  levels  under  continuous  high  driving,  and  important  progress  is  reported  in  separating 
and  understanding  the  components  of  this  loss  and  in  designing  new  doping  schemes  for 
ceramics  which  enhance  power  capability  almost  tenfold.  New  piezoelectric  micro-motor 
designs  look  particularly  attractive  and  appear  to  offer  significant  advantages  over 
electromagnetics  for  very  small-scale  applications.  Thick  and  thin  film  studies  for  MEMS  are 
progressing  well  and  offering  new  insights  into  fatigue  and  switching  behavior  in  the 
ferroelectrics. 
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Piezoelectric  Stepper  Motor  with  Direct 
Coupling  Mechanism  to  Achieve  High 
Efficiency  and  Precise  Control  of  Motion 

A.  E.  Glazounov,  S.  Wang,  Q.  M.  Zhang,  Senior  Member ,  IEEE ,  and  C.  Kim 


Abstract — The  paper  describes  a  piezoelectric  motor 
that  combines  the  merits  of  piezoelectric  materials,  such 
as  high  power  density  generated  at  electromechanical  res¬ 
onance,  and  a  precise  control  of  displacement.  In  the  mo¬ 
tor,  standing  shear  wave  is  excited  at  the  resonance  in  the 
piezoelectric  tube,  and  it  produces  high-frequency  torsional 
vibrations  of  the  stator.  The  vibrations  are  converted  into 
unidirectional  rotation  of  a  rotor  by  using  a  direct  coupling 
mechanism  between  the  stator  and  the  rotor  in  which  a 
clutch  drives  the  rotor  via  locking  it.  The  direct  coupling 
makes  it  possible  to  transmit  the  whole  power  generated 
in  the  piezoelectric  tube  to  the  rotor,  and  thus  achieve  the 
high  efficiency  of  the  motor.  It  also  allows  combining  two 
regimes  of  operation:  continuous  rotation  and  a  stepwise 
motion  within  a  360°  interval  with  a  high  resolution  of  an¬ 
gular  displacement. 


I.  Introduction 

Among  actuator  materials,  piezoelectric  materials 
such  as  lead  zirconate  titanate  (PZT)  are  distin¬ 
guished  by  the  possibility  of  the  precise  control  of  pro¬ 
duced  displacement  and  by  a  high  power  density  that  en¬ 
ables  operation  at  high  driving  frequencies  [1].  The  ap¬ 
plications  that  make  use  of  these  features  include,  for  ex¬ 
ample,  robotics  [1],  vibration  and  noise  cancellation,  and 
translation  stages  for  optical  systems  and  scanning  tun¬ 
neling  microscopes  [2],  [3].  At  the  same  time,  the  major 
demerit  of  PZT  is  that  the  piezoelectric  strain  is  very 
small.  Therefore,  in  order  to  convert  a  small  strain  into 
a  large  displacement,  possible  solutions  include  either  a 
built-in  amplification  mechanism  such  as  a  “moonie”  [4]  or 
a  tubular  torsional  actuator  [5],  or  an  accumulation  of  the 
displacement  over  many  periods  of  the  AC  driving  voltage 
such  as  with  “inchworm”  actuators  [1]  or  ultrasonic  motors 
[6], 

Ultrasonic  motors  also  take  advantage  of  the  high  power 
density  of  PZT;  and  they  operate  at  the  electromechanical 
resonance  of  the  piezoelectric  element,  which  is  built  into 
the  stator.  The  displacement  is  accumulated  by  convert- 
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ing  the  high  frequency  mechanical  vibrations  excited  at  the 
resonance  into  the  motion  of  the  rotor  by  using  the  fric¬ 
tional  contact  between  the  stator  and  the  rotor  [6].  How¬ 
ever,  the  frictional  contact  limits  the  performance  of  the 
motor:  the  energy  dissipation  due  to  the  friction  reduces 
its  efficiency,  the  torque  that  can  be  transmitted  from  the 
piezoelectric  element  is  limited  by  the  frictional  force,  and 
sliding  of  the  rotor  due  to  its  inertia  does  not  enable  an 
instantaneous  start-and-stop  operation,  and  hence  it  is  dif¬ 
ficult  to  achieve  a  precise  control  over  the  displacement  of 
the  rotor. 

This  paper  will  describe  a  novel  type  of  piezoelectric 
motor,  in  which  the  shortcoming  related  with  the  use  of 
frictional  contact  is  eliminated,  and  thus  one  fully  employs 
the  merits  of  piezoelectric  materials,  such  as  high-power 
density  generated  at  electromechanical  resonance  and  the 
precise  control  of  displacement.  This  becomes  possible  due 
to  the  use  of  a  direct  coupling  mechanism  between  the  sta¬ 
tor  and  rotor,  in  which  the  clutch  drives  the  rotor  via  lock¬ 
ing  it.  The  direct  coupling  allows  transmitting  the  whole 
power  generated  in  PZT  at  the  resonance  to  the  rotor,  be¬ 
cause  now  there  is  no  energy  loss  in  the  frictional  contact, 
and  the  friction  force  does  not  limit  the  torque.  Also,  the 
locking  mechanism  allows  smooth  motion  either  in  a  con¬ 
tinuous  or  stepwise  fashion  within  a  360°  interval  with  a 
precise  control  over  angular  positioning. 

II.  Torsional  Vibrations  in  Piezoelectric  Tube 

The  core  element  of  any  piezoelectric  motor  is  the  piezo¬ 
electric  element  that  excites  high  frequency  vibrations  at 
resonance  in  the  stator,  which  are  then  converted  into  rota¬ 
tion  of  the  rotor  via  transmission  mechanism.  In  the  motor 
described  in  this  work,  the  piezoelectric  element  is  made 
in  the  form  of  a  tube,  Fig.  1(a),  which  generates  high  fre¬ 
quency  torsional  vibrations.  This  tube  was  first  introduced 
in  [5]  as  a  torsional  actuator  generating  large  angular  dis¬ 
placement,  /?,  from  the  amplified  shear  piezoelectric  strain, 
£5  =  disEi,  where  di5  is  shear  piezoelectric  coefficient, 
and  Ei  is  electric  field.  From  the  geometry  of  the  tube,  it 
was  shown  that,  in  the  case  of  quasi-static  response,  /?  and 
$5  were  related  by  [5]: 

P  =  di$Ei  •  Lj Rout ,  (1) 

where  the  ratio  between  the  length  of  the  tube,  L,  and  its 
radius,  Rouu  serves  as  a  built-in  amplification  of  the  piezo- 
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(a)  (b) 

Fig.  1.  (a)  Piezoelectric  ceramic  segments  are  bonded  together  to 
form  a  tube  using  a  conductive  adhesive,  which  also  act  as  electrodes 
to  apply  the  driving  electric  field,  E\ .  Since  the  direction  of  the  polar¬ 
ization,  Pr,  alternates  between  the  adjacent  segments,  they  exhibit 
a  coherent  shear  piezoelectric  strain  £5  =  d\$Ei,  and  that  results 
in  a  torsional  deformation  of  the  tube  on  an  angle  /3.  (b)  Equivalent 
circuit  for  torsional  vibrations  of  the  tube. 


much  smaller  than  the  average  radius  of  the  tube,  which  is 
a  good  approximation  for  the  tubes  studied  in  [5],  [7],  [8]. 
Using  the  same  assumptions,  the  appropriate  equation  of 
motion  can  be  derived  as  [9] : 


se  d26  d%_ 

iiP  dt2  dz2  ’ 


(5) 


where  is  the  particle  displacement  defined  as:  d^i/dz  = 
S$.  This  equation  describes  the  plane  shear  wave  propa¬ 
gating  along  the  length  of  the  tube. 

Using  (3)— (5),  one  can  derive  an  equivalent  circuit  for 
the  tube,  which  will  be  used  for  the  analysis  of  vibrations 
in  the  stator.  The  circuit  is  shown  in  Fig.  1(b).  In  this 
circuit,  Z\  and  Z2  are  the  impedances  of  the  acoustic  net¬ 
work,  and  ip  is  the  electromechanical  transformation  fac¬ 
tor.  Their  expressions  are  as  follows: 


Z\  -  jpvl  tan(aL/2),  (6) 


%2  =  -jpvl/  sin(aL),  (7) 


electric  strain.  This  expression  was  confirmed  experimen¬ 
tally  in  [5],  [7].  Similarly,  it  was  shown  that  the  blocking 
torque  developed  by  the  tube  in  the  static  regime  is  given 

by  [8]: 


T  = 


A  s  Rout 


s 


E 

44 


-  disEi, 


(2) 


where  s44  is  a  shear  elastic  compliance  of  the  material,  and 
As  —  7T  (Rlut  ~  R2in)  is  the  cross-section  area  of  the  tube 
(Rin  is  the  inner  radius  of  the  tube). 

However,  in  the  piezoelectric  motor,  the  torsional  actu¬ 
ator,  Fig.  1(a),  must  operate  at  resonance  in  order  to  take 
the  advantage  of  additional  amplification  of  displacement, 
which  occurs  at  electromechanical  resonance  in  piezoelec¬ 
tric  materials  [9].  Therefore,  in  this  paper  we  will  first  in¬ 
vestigate  in  detail  the  resonance  behavior  of  the  tube.  We 
follow  a  common  approach  to  describe  electromechanical 
vibrations  of  piezoelectric  bodies  [9].  Taking  into  account 
cylindrical  geometry  of  the  actuator,  we  choose  a  cylindri¬ 
cal  coordinate  system  (z,  r,  6)  with  z  axis  directed  along 
the  length  of  the  tube,  and  used  the  following  choice  of 
crystallographic  axes:  “3”  is  along  z,  “2”  is  along  the  ra¬ 
dius,  and  “1”  is  along  6.  Assuming  that  the  tube  is  long 
and  has  thin  walls,  the  corresponding  set  of  piezoelectric 
equations  can  be  written  as: 


£5  —  544^75  +  dldE1}  (3) 

=  di5<J5  +  eJiEi,  (4) 

where  05  is  shear  stress,  D\  is  electrical  displacement,  and 
£n  is  dielectric  constant  of  the  material  in  the  stress-free 
conditions.  We  also  assumed  that  the  electric  field  is  uni¬ 
form  in  each  segment  because  the  thickness  of  the  wall  is 


^P  —  AsNsdi^f27rs44,  (8) 

where  Ns  is  the  number  of  segments,  I  =  7r  (R*ut  —  Rfn)  /2 
is  the  moment  of  the  inertia  of  the  tube,  p  is  the  density 
of  PZT  ceramics,  v  =  1/  (psf4)ljf2  is  sound  speed  of  shear 

wave,  and  a  =  27 r/  ( psf4 is  the  wave  number.  Clamped 
electrical  capacitance  of  the  PZT  tube,  Co,  is  defined  as 
Co  =  Cq  (l  —  ,  where  fcis  is  a  piezoelectric  coupling 

coefficient,  and  C0  is  a  free  electrical  capacitance  of  the 
tube  given  by: 

nT  Jfliefi  ,  f-R... 

c«  =^r-'ln[-R- 

Using  (5)  or  an  equivalent  circuit,  one  can  show  that,  if 
one  end  of  the  tube  is  clamped  and  another  is  mechanically 
free,  the  angular  displacement  at  the  free  end  of  the  tube, 
P  =  fi /Rout,  is  given  by: 

P  =  dlbEi  •  t?m(aL)/aRout,  (10) 

where  we  also  took  into  account  that  the  wall  of  the  tube  is 
thin,  Rout  »  Rout— Rin-  According  to  (10),  the  resonance 
occurs  when,  L  =  n\/ 4,  where  A  is  the  wavelength  of  shear 
wave  and  n  is  the  odd  number.  The  corresponding  resonant 
frequency  is  given  by: 

fn  —  nL/4:  (p5^)  ^  .  (11) 

It  is  worth  noting  that,  in  the  case  of  quasi-static  re¬ 
sponse,  olL  <<  1,  (10)  reduces  to  (1),  which  was  derived 
by  considering  only  the  geometry  of  the  tube.  This  indi¬ 
cates  that  both  considerations  were  consistent.  Similarly, 
from  the  equivalent  circuit,  one  can  show  that  the  blocking 
torque  generated  at  resonance  by  the  tube  is  given  by: 

T  =  W=^±.dl5Eu 

S44 


(9) 


(12) 
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which  coincides  with  the  torque  developed  in  the  quasi¬ 
static  regime,  (2). 

In  order  to  verify  the  model  of  the  resonance  in  tor¬ 
sional  actuator,  the  frequency  dependence  of  angular  dis¬ 
placement,  0,  was  measured  using  the  PZT  tube  described 
in  [5],  [8].  The  tube  was  made  of  eight  segments  of  soft 
PZT  ceramics,  EC-65  (EDO,  Inc.),  with  p  =  7.5  kg/m 3, 
sfA  —  48  •  10— 1277^2/AT,  and  had  a  length  L  =  6.4  cm.  0 
was  measured  using  an  MTI-2000  fotonic  sensor  (Mechan¬ 
ical  Technology,  Inc.)  by  attaching  a  mirror  on  the  top  of 
the  tube,  and  measuring  the  distance  change  between  the 
mirror  and  the  probe  of  the  MTI-2000.  The  bottom  of  the 
tube  was  tightly  clamped  to  the  optical  table.  Fig.  2(a) 
shows  the  measured  values  of  (3  and  the  phase  difference 
between  (3  and  driving  voltage  as  a  function  of  frequency. 
In  the  plot,  one  can  see  two  peaks  in  0(f)  that  correspond 
to  the  first  and  third  resonance  harmonics  [n  —  1  and  3 
in  (11)].  Their  positions  are  in  very  good  agreement  with 
the  values  calculated  from  the  material  properties  and  the 
length  of  the  tube  using  (11),  which  are  shown  by  arrows 
in  Fig.  2(a).  However,  when  n  =  2,  4,  etc.,  the  angular 
displacement  drops  to  zero,  Fig.  2(a),  in  agreement  with 
prediction  of  (10).  Finally,  one  can  see,  Fig.  2(a),  that  the 
model  reproduces  the  frequency  dependence  of  the  phase 
difference,  which  changes  on  180°  when  aL  =  7r/2, 7 r,  etc., 
(10). 

Another  parameter  describing  the  electromechanical 
resonance  is  the  complex  electrical  admittance,  Y*,  of 
piezoelectric  element  [9],  Using  the  equivalent  circuit  of 
the  tube,  Fig.  1(b),  one  can  show  that,  when  one  end  of 
the  tube  is  free  and  another  is  clamped,  the  admittance  is 
described  by: 

y*  =  j2nfCo  (l  -  +  k\ 5  tan (aL)/aL)  =  Y  *  exp  (j0Y) . 

(13) 

For  the  same  tube  as  in  Fig.  2(a),  the  measured  fre¬ 
quency  dependence  of  the  amplitude  of  electrical  admit¬ 
tance,  y,  of  the  tube,  and  its  phase  angle,  6y ,  is  shown 
in  Fig.  2(b).  In  this  plot,  the  positions  of  maxima  and 
minima  in  Y(f)  correspond  to  resonance,  /r,  and  antires¬ 
onance,  /a,  frequencies  [9]  of  the  shear  mode,  respectively. 
fr  is  given  by  (11),  and  fa  is  defined  by  the  condition 
Y(fa)  =  0  in  (13).  The  arrows  in  the  plot  indicate  their  po¬ 
sitions,  which  were  calculated  using  material  parameters  of 
EC-65  (EDO,  Inc.),  p  =  7.5  kg/m3,  sf4  =  48-  10-12m2/JV, 
and  ifcis  =  0.69,  and  the  length  of  the  tube,  L  =  6.4  cm. 
Similarly  to  0(f),  the  estimated  values  agreed  well  with 
the  measured  ones,  Fig.  2(b). 

To  summarize,  the  experimental  and  theoretical  study 
of  piezoelectric  resonance  in  torsional  actuator,  Fig.  1(a), 
demonstrated  that,  in  the  tube  the  resonance  is  related  to 
the  shear  wave  propagating  along  the  length  of  the  tube, 
and  that  this  wave  is  a  fundamental  mode.  The  resonance 
frequency,  /r,  is  determined  by  the  length  of  the  tube  and 
sound  speed  of  the  shear  wave,  (11). 

In  [8],  we  also  proposed  to  use  another  geometry  of  tor¬ 
sional  actuator  in  order  to  significantly  simplify  the  fabri¬ 
cation  process.  Piezoelectric  tube  with  a  polygonal  cross 


Fig.  2.  (a)  Frequency  dependence  of  the  amplitude  of  angular  dis¬ 
placement  ,  p,  generated  by  cylindrical  PZT  tube,  and  of  the  phase 
shift  between  @  and  driving  voltage.  Arrows  indicate  positions  of  first 
and  third  resonance  harmonics,  calculated  from  (11).  (b)  Frequency 
dependence  of  electrical  admittance  of  the  PZT  tube.  fr  and  fa  are 
the  frequencies  of  resonance  and  antiresonance,  calculated  using  ma¬ 
terial  parameters  for  PZT  and  the  length  of  the  tube. 


section  was  proposed  and  studied  both  experimentally  and 
theoretically,  using  the  finite  element  modeling.  It  was 
shown  that,  in  the  quasi-static  regime,  the  magnitudes  of 
angular  displacement  and  the  blocking  torque  generated 
by  polygonal  tube  were  close  to  those  by  the  cylindrical 
tube,  given  by  (1)  and  (2)  [7].  In  this  work,  the  resonance 
behavior  of  the  polygonal  tube  was  studied,  and  the  data 
are  summarized  in  Fig.  3,  in  comparison  with  those  for  the 
cylindrical  tube  from  Fig.  2.  As  one  can  see,  the  polygonal 
tube  has  a  similar  resonance  pattern,  and  the  difference  in 
the  positions  of  maxima  and  minima  in  Y(f ),  Fig.  3(a), 
and  peaks  in  0(f) ,  Fig.  3(b),  can  be  attributed  only  to  the 
difference  in  the  length  of  the  tube  (the  polygonal  tube 
was  approximately  two  times  longer  than  the  cylindrical 
one).  For  the  polygonal  tube,  the  resonance  frequency  de¬ 
termined  from  0(f)  and  Y(f),  Fig.  3,  were  compared  with 
(11),  and  the  values  agreed  well.  Taken  together,  these  ex¬ 
perimental  data  indicate  that,  even  in  the  tube  with  the 
polygonal  cross  section,  the  electromechanical  resonance  is 
related  with  the  shear  wave  propagating  along  the  length 
of  the  tube.  The  standing  shear  wave  excited  at  resonance 
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Fig.  3.  (a)  Frequency  dependence  of  the  electrical  admittance  of  two 
piezoelectric  tubes,  with  polygonal  (solid  line)  and  cylindrical  (dot¬ 
ted  line)  shapes,  (b)  Frequency  dependence  of  the  torsional  angle 
normalized  over  its  quasi-static  value  for  the  same  tubes  as  in  (a). 
The  frequency  range  is  now  limited  to  the  interval  around  the  first 
resonant  harmonic. 

produces  a  pure  twisting  deformation  of  the  tube,  and  the 
magnitude  of  deformation  is  strongly  enhanced  compared 
to  the  that  produced  in  the  quasi-static  response  [8].  Fi¬ 
nite  element  modeling  (B.  Koc,  personal  communication) 
of  the  deformation  in  the  polygonal  tube  at  resonance  sup¬ 
ported  this  conclusion. 


III.  Design  of  the  Motor 

The  design  of  the  proposed  motor  is  shown  in  Fig.  4(b). 
In  order  to  transmit  the  high  frequency  torsional  vibra¬ 
tions  excited  by  the  piezoelectric  tube,  Fig.  1(a),  into  uni¬ 
directional  motion  of  the  rotor,  “6”,  the  motor  employs 
an  one-way  roller  clutch,  Fig.  4(a).  The  clutch  sits  in  the 
housing,  “4” ,  which  is  connected  to  the  tube,  “1”.  When 
the  tube  with  the  clutch  twists  counterclockwise,  Fig.  4, 
the  clutch  locks  the  rotor,  “6”,  with  rollers  [because  the 
rollers  are  wedged  between  the  tilted  slope  of  the  cam  and 
the  surface  of  the  rotor,  Fig.  4(a)],  and  transmits  the  dis¬ 
placement.  On  the  contrary,  if  the  tube  twists  clockwise, 
the  clutch  releases  the  rollers,  and  they  do  not  transmit 


spring  clutch 


9  87  1  42635 


Fig.  4.  (a)  Roller  clutch  transmits  the  displacement  to  the  rotor  only 
if  it  moves  in  the  counterclockwise  direction,  when  the  rollers  are 
wedged  between  the  tilted  slope  of  the  cam  and  the  surface  of  the 
rotor.  In  the  clockwise  direction,  the  rollers  disengage  and  do  not 
transmit  the  displacement,  (b)  The  proposed  piezoelectric  motor  con¬ 
sists  of  piezoelectric  tube  shown  in  Fig.  1,  “1”,  two  clutches,  shown 
in  (a),  “2”  and  “3”,  housing  for  clutches  “4”  and  “5”,  metal  shim, 
“7” ,  and  the  rotor,  “6” .  Bolt  “8”  tightens  together  piezoelectric  tube 
and  a  metal  cylinder  “9”,  which  is  required  in  order  to  have  zero 
angular  displacement  in  the  shim  at  resonance. 

the  displacement  to  the  rotor  in  this  direction.  Thus,  the 
clutch  accumulates  the  angular  displacement  in  one  direc¬ 
tion.  To  our  knowledge,  this  direct  coupling  between  stator 
and  rotor,  via  locking  the  rotor,  is  an  unique  feature  of  the 
proposed  motor  as  compared  to  other  existing  designs  [1], 
[6].  which  all  use  a  frictional  contact  to  transmit  the  mo¬ 
tion  to  the  rotor. 

The  motor  also  includes  the  following  components.  An 
identical  second  clutch,  “3”,  is  mounted  to  the  external 
support  and  used  to  prevent  motion  in  the  opposite  direc¬ 
tion  [clockwise  in  Fig.  4(a)],  when  the  external  torque  load 
is  applied  to  the  rotor.  A  thin  metal  shim,  “7” ,  is  used  for 
mounting  the  motor  in  the  external  support.  A  bolt,  “8”, 
tightly  clamps  together  the  housing  “4”  with  clutch,  the 
torsional  tube,  “1” ,  and  a  metal  cylinder,  “9” .  The  latter  is 
required  to  have  a  displacement  node  at  the  shim,  to  avoid 
the  transmission  of  displacement  into  external  housing. 

The  condition  to  have  a  displacement  node  in  the 
shim  sets  the  requirement  for  dimensions  of  all  the  com¬ 
ponents  of  the  motor.  They  must  be  such  that,  at  the 
resonance  frequency,  the  lengths  of  the  part  above  the 
shim  and  below  it  are  each  equal  to  A/4,  in  which  A  is 
the  wavelength  of  the  shear  waves  in  the  two  parts.  To 
evaluate  these  dimensions,  an  equivalent  circuit  analy- 


GLAZOUNOV  et  ai:  STEPPER  MOTOR  TO  ACHIEVE  HIGH  EFFICIENCY  AND  MOTION  CONTROL 


1063 


sis  of  piezoelectric  vibrations  was  employed.  The  equiv¬ 
alent  circuit  of  the  motor  is  shown  in  Fig.  5.  It  was  con¬ 
structed  based  on  the  equivalent  circuit  for  torsional  vi¬ 
brations  in  the  piezoelectric  tube,  Fig.  1(b).  In  the  cir¬ 
cuit,  impedances  of  the  acoustic  network  of  metal  parts 
“4”  and  “9”  are  denoted  as  Z4ji,  Z4}2,  and  Z94,  Zg7 2,  re¬ 
spectively.  They  are  given  by  the  expressions  similar  to  (6) 
and  (7),  such  as*  ^4,1  ==  jpm^m^A  tan  (077X.L4/2)  ?  ^4,2 
-jpmVmh/ sin  (amL4),  ^9,1  =  jPm^mh  tan  (amLg/2), 
and  Z9i 2  =  —jpmVmh/ sin  (amLg).  In  these  expressions, 
I4  and  Ig  are  the  moments  of  the  inertia  of  correspond¬ 
ing  parts,  and  pm  is  the  density  of  the  metal.  The  sound 
speed  of  shear  wave  in  the  metal  and  the  correspond- 

I  /Q 

ing  wave  number  are  given  by  vm  =  (G  m  / Pm)  and 
am  =  2-irf  (pm/Gm)1^2 ,  respectively,  where  G„,  is  the 
shear  elastic  modulus  of  the  metal. 

From  an  equivalent  circuit  in  Fig.  5,  one  can  show  that 
in  order  to  have  A/4  parts  both  above  and  below  the  shim, 
the  following  relationships  must  be  satisfied  simultane¬ 
ously: 


PmVmh  *  tan  (omL4)  *  tan  ( aL )  =  pi/ 1, 

(14a) 

amL9  —  7r/2.  (14b) 

We  used  both  equations  to  evaluate  the  parameters  nec¬ 
essary  to  build  the  motor.  We  first  selected  the  dimensions 
of  the  piezoelectric  tube,  “1”,  and  metal  housing,  “4”,  then 
determined  the  resonant  frequency,  /r,  by  graphically  solv¬ 
ing  (14a).  Afterward,  from  (14b)  we  determined  the  length 
Lg  of  the  metal  part  below  the  shim. 


different  components  in  the  stator,  the  contact  surfaces  of 
each  component  were  carefully  polished  using  an  abrasive 
mixture  of  AI2O3  powder  suspended  in  water.  Final  pol¬ 
ishing  was  done  with  50-nm  size  powder.  The  stator  was 
assembled  using  the  bolt  to  tighten  together  metal  and  ce¬ 
ramic  components.  The  resonance  frequency  of  the  stator 
measured  at  low  driving  voltage,  1  Vrms,  was  approxi¬ 
mately  equal  to  10  kHz  and  agreed  well  with  the  value  of 
fr  determined  from  (14a). 

To  characterize  the  performance  of  the  motor,  the  fol¬ 
lowing  experiments  were  performed.  The  angular  displace¬ 
ment  at  the  free  end  of  the  stator  was  measured  as  a  func¬ 
tion  of  the  amplitude  and  frequency  of  the  driving  voltage. 
The  voltage  was  applied  from  a  SR-360  function  genera¬ 
tor  (Stanford  Research  Systems)  through  an  AVC-790A01 
power  amplifier  (PCB  Piezotronics,  Inc.).  (3  was  measured 
by  attaching  a  small  mirror  on  the  top  of  the  housing  “4” , 
Fig.  4(b),  and  measuring  the  distance  change  between  the 
mirror  and  the  optical  probe  of  the  MTI-2000  fotonic  sen¬ 
sor.  From  these  measurements,  the  resonance  frequency, 
/r,  and  the  mechanical  quality  factor  of  the  stator,  Ql, 
were  determined.  The  latter  relates  the  displacement  pro¬ 
duced  at  the  resonance  with  the  quasi-static  one,  (1),  ac¬ 
cording  to  [9]: 


P(fr)  =  Ql  *  ’  L/Rout-  (15) 

(15)  directly  follows  from  (10)  if  one  takes  into  account 
mechanical  losses  in  the  material  [9].  If  the  motor  was 
driven  continuously,  revolution  speed,  4?,  of  the  rotor  was 
measured  as  a  function  of  the  amplitude  of  driving  voltage 
and  compared  with  the  angular  displacement,  f3(fr).  For 
this  motor,  one  expects  the  following  relationship  between 
the  two  parameters: 

(i  =  2/?(/r)/r/360°,  (16) 

where  factor  2  appears  because  the  clutch  drives  the  ro¬ 
tor  during  half  of  a  period  of  the  AC  voltage  when  the 
displacement  changes  from  ~/3  to  +/3.  In  another  experi¬ 
ment,  the  motor  was  driven  in  the  stepwise  mode,  when  the 
driving  voltage  was  applied  in  the  form  of  the  tone-burst, 
using  a  given  number,  N,  of  the  AC  cycles  at  frequency 
fr.  Here,  the  angular  displacement,  ip,  of  the  rotor  accu¬ 
mulated  over  N  cycles,  was  measured  as  a  function  of  N. 


IV.  Prototype  Motor 

A  prototype  motor  was  built  according  to  the  design 
shown  in  Fig.  4(b).  Hard  PZT  ceramics  (APC-841  from 
American  Piezoceramics)  for  the  tube,  and  hard  aluminum 
for  the  metal  parts  were  used  in  order  to  have  low  mechan¬ 
ical  losses  in  the  stator.  The  tube  was  made  in  the  shape  of 
8-sided  polygon  by  using  the  silver-filled  epoxy  compound 
MB-10HT/S  (Master  Bond,  Inc.)  as  joints  between  the 
segments.  The  dimensions  of  the  tube  were:  L  «  24  mm, 
Rout  ~  8  mm,  and  Rin  «  5  mm.  Both  clutches,  “2”  and 
“3”,  were  commercially  available  products  from  Torring- 
ton.  In  order  to  provide  a  good  mechanical  contact  between 


V.  Results 

Fig.  6  demonstrates  proof  of  the  concept  of  the  proposed 
motor.  When  an  AC  voltage  was  applied  to  the  piezoelec¬ 
tric  tube,  the  rotor  was  moving  with  the  revolution  speed 
!?,  which  increased  toward  saturation  with  increasing  volt¬ 
age  (open  circles).  This  behavior  of  Q  correlates  with  the 
voltage  dependence  of  the  amplitude  of  the  torsional  vi¬ 
bration  /?  (closed  circles).  Both  Q  and  f3  were  measured  at 
a  fixed  frequency,  /  =  9.8  kHz,  around  the  resonance. 

Two  more  features  should  be  noticed  in  Fig.  6.  The  first 
feature  is  that  from  (15),  one  would  expect  that  /3,  and 
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U  [Vrms]  Frequency  [kHz] 


Fig.  6.  Amplitude  of  torsional  vibrations  of  the  stator,  /?,  and  the 
revolution  speed  of  the  rotor  42,  as  a  function  of  the  AC  driving 
voltage  (the  frequency  is  constant,  9.8  kHz). 


therefore  4?,  should  increase  linearly  with  the  voltage  (or 
electric  field).  The  deviation  from  the  linear  function,  seen 
in  Fig.  6,  is  due  to  the  strong  frequency  and  field  depen¬ 
dence  of  the  piezoelectric  response  around  the  resonance 
[10],  which  is  illustrated  in  Fig.  7.  When  the  amplitude 
of  the  driving  voltage  (electric  field)  is  increased,  the  po¬ 
sition  of  the  resonance  peak  in  /3(f)  shifts  toward  lower 
frequencies,  Fig.  7(a),  due  to  the  softening  of  the  piezo¬ 
electric  material  under  the  high  stress  developed  in  it  at 
the  resonance  [9],  [10].  As  a  result,  this  shift  in  the  reso¬ 
nance  peak  will  lead  to  the  saturation  in  the  field  depen¬ 
dence  of  the  displacement  measured  at  a  fixed  frequency 
(for  example,  /  =  9.9  kHz).  This  is  clear  from  a  compar¬ 
ison  of  the  plots  in  Figs.  7(a)  and  (b).  At  the  same  time, 
the  displacement  at  the  peak,  /  =  /r,  still  follows  a  linear 
dependence  predicted  by  (15),  as  shown  with  open  circles 
in  Fig.  7(b).  From  the  comparison  of  (3(fr)  with  /3(f)  mea¬ 
sured  at  /  =  20  Hz,  which  corresponded  to  the  quasi-static 
response,  the  mechanical  quality  factor  of  the  stator  was 
evaluated:  Ql  ~  100. 

The  second  feature  is  that  the  rotation  had  some  thresh¬ 
old  and  in  the  studied  prototype  the  rotor  did  not  move 
when  the  driving  voltage  was  below  30  Vrms,  Fig.  6.  This 
threshold  is  due  to  the  backlash,  or  lost  displacement,  A (3, 
which  is  a  common  feature  of  clutches  available  on  the 
market.  One  can  evaluate  A/3  from  the  data  shown  in 
Fig.  6.  Without  backlash,  the  amplitude  of  the  torsional 
vibrations  and  the  revolution  speed  should  be  related  by 
(16).  However,  with  the  lost  displacement,  this  relationship 
changes  to:  4?  •  360°  ♦  f~l  =  2 (3  —  A/3.  Using  this  formula 
from  Fig.  6,  we  can  evaluate  the  backlash  as:  A/3  &  0.01°. 

Even  though  the  backlash  is  fairly  small,  it  sets  some 
limits  on  the  performance  of  the  prototype  motor.  Still, 
it  is  surprising  that  the  motor  could  operate  even  using 
commercially  available  roller  clutches,  which  in  principle 
are  not  designed  for  operation  with  such  small  angular 
oscillations,  of  the  order  of  0.01°  (Fig.  6).  With  improved 
clutch,  the  lost  displacement  can  be  completely  eliminated, 
as  it  is  done  for  example  in  watch  mechanisms.  This  would 


Electric  field  [V/ mm] 

Fig.  7.  Amplitude  of  torsional  vibrations  of  the  stator,  /?,  around 
the  resonance,  (a)  Frequency  dependence  of  j3,  measured  at  different 
levels  of  the  AC  driving  field,  E ,  showing  the  peaks  at  the  resonant 
frequency,  fr.  (b)  Field  dependence  of  /3  measured  at  a  fixed  fre¬ 
quency,  9.9  kHz  (plus  signs),  and  at  the  resonance,  fr  (open  circles). 

allow  better  control  over  the  motion  and  would  improve 
the  torque  transmitted  to  the  rotor,  which  is  also  affected 
by  the  backlash,  as  will  be  discussed  later  in  the  paper. 

Hence,  the  experimental  data  summarized  in  Fig.  6 
prove  the  proposed  concept.  Namely,  to  use  the  clutch 
as  a  coupling  mechanism  to  accumulate  the  angular  dis¬ 
placement  generated  by  the  piezoelectric  tube  and  produce 
unidirectional  motion  of  the  rotor.  Moreover,  because  the 
clutch  drives  the  rotor  by  locking  it,  this  allows  achiev¬ 
ing  not  only  a  continuous  rotation,  but  also  a  controlled 
stepwise  motion  of  the  rotor  over  a  finite  angle. 

In  order  to  produce  the  stepwise  motion,  the  driving 
voltage  can  be  applied  in  the  form  of  the  tone  burst,  using 
a  given  number,  TV,  of  AC  cycles  at  a  frequency  /.  The 
angular  displacement,  cp,  of  the  rotor  accumulated  over  TV 
cycles  can  be  written  a sup  =  [2(3  —  A(3\  -  TV,  where  f3  is  the 
amplitude  of  the  vibrations  of  the  stator  corresponding  to 
the  same  frequency  of  the  driving  voltage,  and  we  took  into 
account  the  backlash,  A/3.  Fig.  8(a)  shows  the  example  of 
the  angular  displacement  as  a  function  of  TV,  measured  us¬ 
ing  the  AC  voltage  with  frequency  9.6  kHz  and  amplitude 
62  Vrms.  The  fit  of  the  linear  relationship,  <p  oc  TV,  to  the 
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Fig.  8.  The  angular  displacement  of  the  rotor,  (p,  measured  in  the 
stepwise  motion  as  a  function  of  the  number  of  the  cycles,  N,  in  the 
burst,  and  its  fit  to  the  linear  law.  Plot  in  (a)  shows  that  ip  can  be  con¬ 
trolled  within  360°  interval  by  controlling  N.  Here,  the  frequency  of 
the  driving  voltage  is  9.6  kHz  and  the  amplitude  is  62  Vrms.  (b)  The 
magnified  part  of  the  plot  from  (a)  demonstrates  that  there  exists 
a  minimum  value  of  N  required  to  move  the  rotor,  and  the  mini¬ 
mum  achievable  displacement  (pmin ,  which  sets  the  resolution  limit 
for  the  motion.  By  changing  the  voltage  from  62  Vrms  to  25  Vrms, 
one  can  achieve  better  control  of  angular  positioning  with  resolution 
tPmin  —  0.2°. 

data  yields  the  slope  equal  to  0.058  i  0.002  [Deg],  which 
has  a  meaning  of  the  displacement  of  the  rotor  per  cycle 
of  driving  voltage.  Using  the  obtained  value  of  the  slope, 
<p/N ,  and  /?  =  0.04°  measured  at  9.6  kHz,  we  can  calcu¬ 
late  A/3  ^  0.02°,  which  is  in  a  reasonable  agreement  with 
the  value  A/3  «  0.01°  estimated  from  the  data  shown  in 
Fig.  6. 

The  resolution  limit  for  the  stepwise  motion  can  be  de¬ 
termined  by  reducing  the  number  of  cycles,  TV,  and  mea¬ 
suring  the  smallest  achievable  displacement  of  the  rotor, 
<£min-  At  62  Vrms  and  9.6  kHz,  we  found  that  this  proto¬ 
type  motor  could  be  easily  controlled  down  to  <pmin  =  0.5°, 
as  shown  in  Fig.  8(b).  By  changing  the  driving  volt¬ 
age  to  25  Vrms,  we  could  achieve  even  better  control, 
^min  =  0.2°,  Fig.  8(b),  because  of  the  increase  in  the  num¬ 
ber  of  cycles  required  to  move  the  rotor:  N  —  50,  com¬ 
pared  to  N  =  20.  Hence,  this  experiment  demonstrated 
that,  even  with  the  available  clutch,  the  motor  can  pro¬ 


duce  a  stepwise  motion  with  a  precise  control  over  angular 
positioning. 


VI.  Torque  Generated  by  the  Motor 

Another  characteristic  of  ultrasonic  motors  is  a  torque 
developed  at  the  output  at  a  given  mechanical  load  and  its 
maximum  value,  which  is  referred  to  as  a  stall  torque  [6].  In 
this  work,  we  cannot  present  experimental  data  that  would 
show  the  revolution  speed  vs.  torque  diagram.  This  is  a 
subject  of  ongoing  experiments.  However,  we  will  discuss 
the  parameters  that  can  determine  the  torque  output  in 
the  proposed  design  of  the  motor. 

In  any  piezoelectric  motor,  the  stall  torque  is  deter¬ 
mined  by  the  torque  generated  in  the  stator  itself  and  by 
coupling  mechanism,  which  transmits  the  torque  from  the 
stator  to  the  rotor.  To  our  knowledge,  almost  all  of  the  ex¬ 
isting  designs  of  piezoelectric  motors  utilize  frictional  con¬ 
tact  between  stator  and  rotor  as  a  coupling  mechanism. 
It  is  clear  that,  in  this  case,  the  friction  force  determines 
the  stall  torque  [6].  On  the  contrary,  the  present  design  of 
the  motor  uses  the  direct  coupling  mechanism,  via  locking 
the  rotor  by  a  one-way  clutch.  Now  the  friction  force  does 
not  limit  the  torque  any  longer;  and,  in  the  ideal  case, 
the  stall  torque  will  be  equal  to  the  blocking  torque  de¬ 
veloped  by  the  PZT  tube.  The  only  factor  that  can  limit 
the  torque  transmission  will  be  the  backlash,  A/3,  in  the 
clutch  (obviously,  the  lost  displacement  reduces  the  torque 
transmitted).  However,  the  backlash  can  be  eliminated  by 
redesigning  the  clutch  mechanism.  After  this  improvement, 
the  torque  will  be  transmitted  from  the  stator  to  the  rotor 
completely,  and  hence  the  performance  of  the  motor  will 
be  fully  determined  only  by  the  properties  of  the  stator. 

We  now  consider  the  blocking  torque  generated  by  the 
stator.  It  can  be  evaluated  using  equivalent  circuit  shown 
in  Fig.  5.  One  obtains  the  following  expression: 

T  _  s  Eout  .  dx^E1  *  cos  (omL4) .  (17) 

S44 

It  differs  from  the  blocking  torque  of  PZT  tube  itself,  (12), 
only  by  factor  cos(amL4),  which  is  related  to  the  metal 
housing  of  clutch,  “4”  in  Fig.  4.  This  factor  appears  be¬ 
cause  the  housing  is  not  an  infinitely  rigid  body;  therefore, 
some  part  of  the  torque  generated  by  the  PZT  tube  will  be 
consumed  on  the  twisting  of  the  part,  “4”,  when  the  ex¬ 
ternal  load  is  applied.  However,  one  can  neglect  this  term 
either  if  the  metal  is  rigid  enough,  Gm  — ►  oo,  and  thus 
&m  —>  0,  or  if  the  length  of  the  metal  housing  is  smaller 
than  the  length  of  PZT  tube,  L4  <  T. 

Another  factor  can  affect  the  torque,  compared  to  the 
prediction  of  (17).  It  is  related  with  the  way  the  stator 
is  assembled,  and  so  far  it  has  not  been  taken  explicitly 
into  account  in  the  equivalent  circuit  in  Fig.  5.  Fig.  9 
shows  the  voltage  dependence  of  angular  displacement  /3 
at  the  free  end  of  the  stator  measured  in  the  quasi-static 
regime,  at  20  Hz.  In  the  plot,  circles  show  the  data  for  two 
stators  assembled  with  a  bolt,  as  in  Fig.  4.  In  one  case 
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Fig.  9.  Amplitude  of  torsional  vibrations  of  the  stator,  /3,  as  a  func¬ 
tion  of  the  AC  driving  voltage  measured  at  20  Hz.  The  stator  is  as¬ 
sembled  using  either  epoxy  resin  (plus  signs)  or  bolt  (open  and  closed 
circles).  When  the  bolt  is  used,  it  introduces  an  additional  rigidity 
into  stator,  and  thus  reduces  angular  displacement.  The  stronger  the 
tightening  of  the  bolt,  the  larger  is  the  reduction  of  f3. 

the  tightening  of  the  bolt  was  stronger  than  in  the  other. 
The  plus  signs  correspond  to  the  data  from  the  stator  as¬ 
sembled  without  the  bolt,  using  epoxy  resin.  Because  all 
studied  stators  had  the  same  dimensions,  the  difference  in 
the  slope  of  straight  lines  can  be  interpreted  as  a  differ¬ 
ence  in  the  effective  dm  coefficient,  according  to  (1).  In  the 
case  of  epoxy  adhesive,  the  effective  dm  determined  from 
Fig.  9,  was  equal  to  450  pm/V,  which  agrees  well  with 
the  data  provided  by  the  manufacturer  (American  Piezo- 
ceramics),  d\5  =  480  pm/V.  The  stators  assembled  using 
the  bolt  had  smaller  values  of  effective  piezoelectric  coeffi¬ 
cient:  d\5  =  350  pm/V,  and  dm  =  200  pm/V.  The  lowest 
value  of  dm  was  observed  in  the  stator  with  the  strongest 
tightening  of  all  the  components  (closed  circles  in  Fig.  9). 

The  reduction  in  effective  piezoelectric  coefficient  dm 
can  be  attributed  to  the  fact  that  the  bolt  could  apply  a 
compressive  stress  to  the  PZT,  and  thus  change  the  ma¬ 
terial  properties  [11],  and  that  it  introduced  an  additional 
rigidity  into  the  stator.  The  latter  also  manifests  itself  in 
the  reduction  of  the  effective  shear  elastic  compliance,  sf4, 
of  the  stator.  However,  we  found  that  this  effect  was  much 
weaker.  We  could  make  this  conclusion  based  on  the  com¬ 
parison  of  resonant  frequencies,  /r,  of  stators  assembled 
with  bolt  and  with  epoxy  resin.  The  difference  in  fr  was 
very  small.  Using  (11),  we  estimated  that  it  corresponded 
to  the  change  in  effective  sf4  of  about  10-20%.  This  effect 
is  smaller  than  the  reduction  in  dm  shown  in  Fig.  9,  and 
therefore,  is  of  less  concern. 

However,  the  use  of  bolt  in  the  present  design  of  piezo¬ 
electric  motor  is  desirable,  because  it  can  eliminate  prob¬ 
lems  related  with  epoxy  adhesive,  such  as  shear  strength 
of  adhesive  and  its  mechanical  fatigue  due  to  high-shear 
stress  developed  at  resonance,  which  are  both  well-known 
from  the  field  of  high-power  ultrasound  transducers  [12]. 
However,  as  is  clear  from  this  work,  the  bolt  reduces  the 
value  of  effective  dm,  which  will  reduce  the  blocking  torque 
developed  by  the  stator.  It  is  worth  noting  that  this  reduc¬ 
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Fig.  10.  Schematic  drawing  of  the  piezoelectric  motor  that  operates 
in  the  full-cycle  mode.  The  stator  consists  of  two  identical  PZT  tubes, 
“1”,  two  clutches,  “2”.  It  is  mounted  to  the  housing,  “4”,  through 
metal  shim,  “3”.  The  rotor  is  now  shaft,  “5”. 

tion  of  di5  is  not  so  dangerous  for  the  angular  displacement 
at  resonance,  /3(fr),  and  revolution  speed  of  the  rotor,  17. 
Even  though  both  depend  upon  di5  according  to  (15)  and 
(16),  they  are  also  determined  by  the  mechanical  quality 
factor  of  the  stator,  QL.  No  special  study  of  the  effect  of 
tightening  of  the  bolt  on  Ql  was  undertaken  in  this  work. 
It  only  was  noticed  that  the  use  of  the  bolt  resulted  in 
higher  values  of  Qli  which,  therefore,  compensated  at  the 
resonance  the  reduction  of 


VII.  Operation  of  the  Motor  in  the 
Full-Cycle  Mode 

The  motor  shown  in  Fig.  4(b)  drives  the  rotor  during 
half  of  a  period  of  the  applied  AC  voltage,  when  the  angu¬ 
lar  displacement  generated  at  resonance  changes  from  —(3 
to  ~\-j3.  However,  one  can  modify  the  design  so  that  the 
stator  will  drive  the  rotor  during  the  full  cycle  of  the  AC 
voltage.  A  possible  solution  [13]  is  shown  in  Fig.  10.  The 
design  of  the  stator  is  similar  to  that  shown  in  Fig.  4(b), 
except  now  the  metal  part  “9”  is  replaced  by  the  identical 
PZT  tube,  which  also  has  a  clutch  connected  to  it.  The 
tubes,  “1”,  and  the  clutches,  “2”,  with  their  housings  are 
assembled  together  using  epoxy  adhesive,  and  the  stator 
is  mounted  to  the  housing,  “4”,  through  shim,  “3”.  The 
rotor  is  the  shaft,  u5” ,  inserted  in  both  clutches.  Because 
the  two  sides  vibrate  in  opposite  directions,  one  of  them 
will  drive  the  rotor  during  one-half  of  a  period  of  the  AC 
voltage,  and  the  second  side  will  drive  during  another  half. 
Thus,  both  the  speed  and  torque  output  will  be  improved 
compared  to  the  design  with  a  single  tube. 


VIII.  Conclusions 

A  novel  design  of  a  piezoelectric  motor  was  proposed 
and  demonstrated.  It  takes  advantage  of  the  torsional  mo¬ 
tion  generated  at  the  resonance  in  the  stator,  and  of  the 
direct  coupling  between  the  rotor  and  the  stator  in  which 
the  clutch  drives  the  rotor  via  locking  it.  It  was  shown  that 
the  direct  coupling  makes  it  possible  to  produce  a  smooth 
motion  either  in  the  continuous  or  in  the  stepwise  fashion 
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within  a  360°  interval.  In  the  stepwise  motion,  a  precise 
control  over  angular  positioning  with  an  accuracy  of  0.02°, 
has  been  demonstrated.  It  has  been  shown  that,  due  to  di¬ 
rect  coupling  which  eliminates  the  problem  of  energy  loss 
in  the  friction  contact,  the  whole  power  generated  in  PZT 
at  the  resonance  can  be  transmitted  to  the  rotor,  and  the 
direct  coupling  also  does  not  limit  the  torque.  Further  im¬ 
provement  of  the  performance  of  the  proposed  motor  can 
be  achieved  by  improving  the  clutch  mechanism  to  elimi¬ 
nate  the  backlash. 
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ABSTRACT:  A  linear  inchworm  motor  was  developed  for  structural  shape  control  applications. 
One  motivation  for  this  development  was  the  desire  for  higher  speed  alternatives  to  shape  memory  al¬ 
loy  based  devices.  Features  of  the  subject  device  include  compactness  (60  x  40  x  20  mm),  large  dis¬ 
placement  range  (6  mm),  and  large  holding  force  capability  (200  N).  There  are  three  active  piezoelec¬ 
tric  elements  within  the  inchworm:  two  “clamps”  and  one  “pusher”  Large  displacements  are 
achieved  by  repetitively  advancing  and  clamping  the  pushing  element.  Although  each  pusher  step  is 
small,  on  the  order  of  1 0  microns,  if  the  step  rate  is  high  enough,  substantial  speeds  may  be  obtained 
(8  mm/s).  In  the  past,  inchworm  devices  have  been  used  primarily  for  precision  positioning.  The  de¬ 
velopment  of  a  robust  clamping  mechanism  is  essential  to  the  attainment  of  high  force  capability,  and 
considerable  design  effort  focused  on  improving  this  mechanism.  To  guide  the  design,  a  lumped  pa¬ 
rameter  model  of  the  inchworm  was  developed.  This  model  included  the  dynamics  of  the  moving 
shaft  and  the  frictional  clamping  devices,  and  used  a  variable  friction  coefficient.  It  enabled  the  simu¬ 
lation  of  the  time  response  of  the  actuator  under  typical  loading  conditions.  The  effects  of  the  step 
drive  frequency,  the  pre-load  applied  on  the  clamps,  and  the  phase  shifts  of  the  damp  signals  to  the 
main  pusher  signal  were  investigated.  Using  this  tool,  the  frequency  bandwidth,  the  optimal  pre-load 
and  phase  shifts  which  result  in  maximum  speed  were  explored.  Measured  rates  of  motion  agreed 
well  with  predictions,  but  the  measured  dynamic  force  was  lower  than  expected. 


INTRODUCTION 

SOLID-STATE  piezoceramic  actuators  are  typically  limited 
to  low  displacement  applications,  but  may  be  used  at  high 
frequencies.  Typical  applications  include  vibration  excita¬ 
tion  and  control  actuators  and  positioning  devices.  While  a 
desire  for  a  smart  materials  actuator  that  produces  high  force 
and  high  displacement  at  relatively  high  frequencies  persists, 
a  functional,  low-profile,  manufacturable  actuator  has  not 
yet  been  realized.  Developed  in  pursuit  of  this  goal,  the  Penn 
State  H3C  (High  force.  High  displacement.  High  energy  den¬ 
sity)  inchworm  is  a  high  authority  device  that  capitalizes  on 
the  high  forces  produced  by  piezoceramic  stacks,  while  over¬ 
coming  low  displacements  using  an  inchworm  actuation 
scheme.  This  paper  discusses  the  history  of  inchworm  actua¬ 
tors,  design  of  the  subject  device,  and  modeling  and  experi¬ 
mental  results  which  supported  the  design. 

The  successful  actuator,  which  is  to  be  used  in  shape  con¬ 
trol  applications  (see  Figure  1),  will  ideally  have  several  fea¬ 
tures,  including:  high  force,  high  displacement,  high  energy 
density,  compact  design,  ability  to  be  easily  integrated  and 
replaced,  cost  effectiveness,  and  ease  of  control.  An  actuator 
that  uses  inchworm  type  actuation  in  conjunction  with 
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multi-layer  piezoceramic  stacks  was  selected  for  develop¬ 
ment.  Subsequently,  a  survey  of  existing  inchworm  method¬ 
ology  was  performed  to  gain  perspective  on  improvements 
needed  to  enable  high  authority  operation. 

LITERATURE  SURVEY:  INCHWORM 
STATE-OF-THE-ART 

The  inchworm  devices  reviewed  generally  fell  into  one  of 
three  basic  groups.  The  first  group  involves  a  “walker”  con¬ 
figuration,  in  which  the  induced-strain  activation  elements 
(ISA)  move  with  a  shaft.  The  shaft  appears  to  be  walking  or 
looping,  as  it  were,  along  the  desired  path  of  actuation.  The 
second  basic  configuration  is  the  “pusher.”  In  this  arrange¬ 
ment  the  ISA  elements  are  removed  from  the  actuation  shaft. 
The  actuator  pushes  the  shaft  along  using  an  inchworm  tech¬ 
nique.  The  third  group  is  the  hybrid  walker-pusher.  This  type 
mixes  the  two  kinds  of  actuation,  with  the  ISA  elements  not 
completely  removed  from  the  actuation  shaft. 

The  first  group  of  actuators  represents  preliminary  designs 
which  paved  the  way  for  the  inchworm  actuators  to  come. 
Stibitz  and  Steele  in  1964  were  among  the  first  to  design  an 
effective  inchworm  actuation  technique.  They  used 
magnetostrictive  materials  to  actuate  a  shaft  using  a  typical 
“pusher"  method.  As  shown  in  Figure  2,  the  Stibitz  and 
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Inch  worms 

Figure  1.  Concept  for  a  deformable  flow  control  surface. 


Steele  actuator  was  built  in  three  segments  which  were  each 
used  for  extending  and  clamping  as  a  magnetic  field  was  ap¬ 
plied.  The  focus  of  their  design  was  to  create  a  positioning 
actuator  for  use  in  precision  machining  and  tooling.  The  sec¬ 
ond  major  contribution  to  inchworm  actuators  was  not  itself 
an  inchworm.  McNancy,  in  late  1964,  developed  a  method  of 
piezoceramic  actuation  which  used  a  multi-layer  stacked 
piezoceramic  actuator  coupled  with  a  motion  amplifying 
structure.  As  shown  in  Figure  2,  the  stacked  ISA  element 
drove  a  combination  of  ball  bearings  to  produce  larger  mo¬ 
tions  in  the  transverse  direction.  The  use  of  multi-layer 
stacked  actuators  was  important  in  the  development  of 
piezoceramic  inchworms. 

The  first  patented  piezoceramic  inchworm  was  introduced 
by  Hsu  in  1966.  The  design  was  a  complicated  walking  actu¬ 
ator  that  used  a  single  hollow  cylindrical  element  to  clamp 
and  extend.  As  shown  in  Figure  2,  the  clamping  end  of  the 
piezoceramic  had  an  annular  wedge  surface  which  clamped 
with  an  alternating  signal.  The  two-layer  piezoceramic  disks 
on  each  end  of  the  actuator  were  used  to  bias  the  direction  in 
which  the  wedge  would  restrict  motion.  To  reverse  the  direc¬ 
tion  of  travel  the  polarity  of  the  signal  was  switched  and  the 
disks  reversed  their  direction  of  bowing.  The  action  switched 
the  direction  of  motion  that  would  cause  the  wedges  to  en¬ 
gage. 

The  next  actuator  improved  on  the  previous  actuators  in 
several  ways.  Locher  (1967)  made  several  positive  improve¬ 
ments  in  the  field  of  precision  linear  induced  strain  actuators. 
The  inchworm  was  configured  in  a  hybrid  structure  with  the 
clamping  elements  engaging  a  “clam-claw”  mechanism  as 
shown  in  Figure  2.  The  “clam-claw”  allowed  motion  in  one 
direction,  but  engaged  instantly  in  the  other.  This  method 
was  the  first  hybrid  inchworm  actuator  and  the  first  which  ap¬ 
plied  maximum  holding  force  in  the  un-activated  state.  This 
device  was  designed  exclusively  for  precision  actuation  and 
was  capable  of  individual  steps  of  0.0005  inches. 

In  1968,  Brisbane  designed  the  simplest  actuator  to  date, 
as  shown  in  Figure  2.  He  used  a  combination  of  three  cylin¬ 
drical  piezoceramic  elements,  two  for  clamping  and  one  for 
extension.  This  actuator  was  the  first  piezoceramic  inch- 
worm  to  use  the  simple  “walking”  method.  The  intent  of  the 
design  was  to  have  micron  range  positioning  for  tooling  and 
claimed  actuation  speeds  of  50  mm/sec. 

The  inchworm  presented  by  Galutva  in  1972  represented  a 
vanguard  design  of  inchworms  for  its  time  and  the  coming 
decade.  This  Russian  group  designed  an  actuator,  as  seen  in 
Figure  2,  that  had  micron-range  positioning,  used  stacked 
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Figure  2.  Illustrated  timeline  of  inchworm  history . 


piezoceramic  elements  in  a  walker  configuration,  and  fit  into 
a  slim  and  compact  profile. 

The  design  introduced  by  Bizzigotti  and  May  in  1975, 
shown  in  Figure  2,  was  the  first  example  of  a  “pusher”  con¬ 
figuration  piezoelectric  inchworm.  The  goal  of  their  design 
was  to  provide  a  very  precise  linear  actuator  capable  of  incre¬ 
mental  steps  of  0.004  micrometers.  The  piezoelectric  ele¬ 
ments  formed  a  U  shaped  actuator  which  clamped  and  ex¬ 
tended  in  the  now-traditional  inchworm  manner.  An 
important  contribution  was  the  introduction  of  the  term 
“inchworm”  to  describe  such  devices.  The  next  inchworm, 
patented  by  Sakitani  in  1976,  did  not  advance  inchworm 
technology  significantly,  but  was  a  fine  design  in  its  own 
right.  It  was  a  “walker”  as  shown  in  Figure  2,  used  for  preci¬ 
sion  placement  of  a  electron  scanning  microscope.  The  de¬ 
sign  presented  by  Ishikawa  in  1979  was  very  similar  to  the 
Bizzigotti  and  May  design,  except  it  used  two  piezoelectric 
elements  for  extension,  as  opposed  to  one. 

The  inchworm  presented  by  O’Neill  in  1980  was  the  first 
to  use  the  stacked  piezoelectric  actuator  to  increase  the  actua¬ 
tion  length  of  the  inchworm.  The  design,  shown  in  Figure  2, 
used  two  clamping  disks  coupled  with  “cups”  that  pushed 
against  the  outer  cylinder  when  zero  charge  was  applied. 
When  the  disks  were  actuated,  the  cups  retracted  from  the 
wall,  and  the  “stacked”  piezo-disks  extended. 

The  actuator  presented  by  Taniguchi  in  1984  represented  a 
new  approach.  The  actuator,  shown  in  Figure  2,  used  a  multi¬ 
tude  of  piezoceramic  elements  stacked  upon  one  another. 
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These  elements  acted  as  both  clamps  and  extension  actua¬ 
tors.  Actuation  resembled  an  earthworm  more  than  an  inch- 
worm,  in  which  the  elements  are  driven  so  that  they  extend 
and  contract  in  a  wave-like  or  peristaltic  motion.  The  device 
presented  by  Hara  in  1986  used  a  great  number  of  layers  in  a 
stacked  piezoceramic  actuator,  by  reducing  the  overall  thick¬ 
ness  of  each  layer  and  bonding  them  together.  This  design 
was  a  copy  of  the  Bizzigotti  and  May  device  and  differed 
mainly  in  that  it  made  a  conscious  effort  to  be  compact.  This 
design  represented  the  state  of  inchworm  actuators  in  the 
middle  of  the  1980’s,  during  which  time  few  major  improve  - 
ments  were  made. 

The  design  by  Staufenberg  in  1986  was  an  exception.  As 
shown  in  Figure  2,  the  actuator  was  a  pusher-type,  capable  of 
translational  or  rotational  motion.  Rotational  actuation  was 
provided  by  a  method  in  which  a  clamping/tangential  exten¬ 
sion  was  applied  by  various  actuators  to  produce  torque.  The 
translational  method  was  slightly  suspect  because  it  used  a 
rocking  method  to  propel  the  shaft  forward.  Fujimoto  in 
1987  presented  an  inchworm  “pusher”  which  replaced  a 
stepper  motor.  The  idea  was  to  use  a  frictional  clamp  which 
could  be  applied  to  the  edge  of  a  disk  in  order  to  actuate  it  in 
much  smaller  increments  than  possible  with  a  stepper  motor. 
In  1990,  Murata  presented  a  patent  which  used  a  novel 
“pusher”  piezoceramic  inchworm  configuration  to  push  a 
shaft  using  a  linear  gear  rack  of  extremely  small  pitch.  The 
idea  was  to  control  the  x-y  position  of  the  gear  so  that  it  en¬ 
gaged  and  disengaged  in  a  method  similar  to  annular  gears. 
This  method  proved  to  be  highly  ineffective  and  Murata 
switched  to  a  hybrid  inchworm  in  which  magnetic  heads  ap¬ 
plied  the  clamp. 

Rennex  presented  a  novel  arrangement  of  piezoceramics 
in  1 994  in  which  the  actuators  were  arranged  in  a  parallel,  hy¬ 
brid  pusher-walker  configuration.  This  method  resembled 
Locher’s  design,  but  removed  the  use  of  a  “clam-claw”  for  a 
flexural  clamp.  The  use  of  a  parallel  arrangement  slimmed  its 
profile  considerably.  In  1 994,  Miesner  and  Teter  presented  a 
paper  which  gave  a  detailed  description  of  an  inchworm  us¬ 
ing  a  hybrid  TERFENOL-D  and  piezoceramic  “pusher”  sys¬ 
tem.  As  shown  in  Figure  2,  the  TERFENOL  was  used  for  ex¬ 


tension  and  the  piezoceramic  was  used  for  clamping.  This 
was  the  first  inchworm  that  was  designed  for  high  rate  force 
application.  The  actuator  produced  26  pounds  at  stall  and  a 
rate  of  1  inch/sec  at  no  load.  The  drawback  of  the  design  was 
that  it  was  rather  large,  spanning  almost  half  a  foot.  The  reso¬ 
nant  drive  electronics  were  also  of  note. 

The  inchworm  proposed  by  Lee  in  1995  (not  illustrated) 
represented  a  departure  from  previous  designs.  This  particu¬ 
lar  design  sought  to  create  an  inchworm  using  VLSI  manu¬ 
facturing  techniques.  The  inchworm  measured  approxi¬ 
mately  15  mm  in  length  and  produced  forces  in  the  mN  range 
and  speeds  of  13  cm/min.  These  values  are  unimpressive 
compared  to  previous  designs,  but  are  very  good  considering 
the  size  of  the  inchworm. 

The  final  design  considered  in  this  review  was  the 
piezoceramic  caterpillar  motor  presented  by  Pandell  and 
Garcia  in  1996.  Their  design  was  very  similar  to  that  of 
Galutva,  twenty  years  earlier,  except  (as  with  Lee)  the  focus 
had  shifted  to  larger  forces  and  displacements.  A  more  de¬ 
tailed  review  of  inchworm  technology  is  contained  in  the  the¬ 
sis  by  Galante  (1997). 

This  new  focus,  emphasizing  increased  force  capability,  is 
also  that  of  the  research  described  herein.  The  goal  is  a  device 
that  operates  at  speeds  rivaling  those  of  previous  devices,  but 
that  also  provides  forces  like  those  of  the  range  of  the 
Miesner  and  Teter  inchworm  in  a  much  smaller  package. 

DESIGN  AND  STRESS  MODELING 

Piezoceramic  inchworms,  as  described  in  the  previous 
section,  have  historically  been  designed  as  micron-scale 
positioners  for  precision  machining  or  scanning  electron  mi¬ 
croscopes.  The  H3C  inchworm  actuator  departs  from  its  pre¬ 
decessors  in  that  it  is  to  be  a  high  authority  device,  capable  of 
large  forces  and  large  displacements.  Initial  shape  control 
applications  are  anticipated  to  be  relatively  low  frequency, 
nearly  quasi-static. 

Figure  3  illustrates  the  stepping  mechanism  employed  by 
the  device.  The  inchworm  consists  of  three  parts,  two  of 


Starting  position: 
both  ends  clamped 


Step  1 :  release 
clamp  2 


Step  2:  Extend 
the  pusher 
(leader  indicates 
one  step) 


Step  3:  reapply 
clamp  2 


Step  4:  release 
clamp  1 


Figure  3.  Translational  operation  of  the  H3C  inchworm  motor. 


Step  5:  Contract 
the  pusher 
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which  are  clamping  mechanisms,  and  one  called  a  “pusher.” 
The  clamping  mechanism  consists  of  a  mass-spring  system 
(which  applies  the  frictional  clamp  to  the  pusher)  and  a 
piezoceramic  stack  which  lifts  the  clamp  from  the  pusher  to 
allow  movement.  The  pusher  consists  of  a  piezoceramic 
stack  embedded  in  a  translating  shaft,  on  which  an  exterior 
load  may  act. 

Operation  begins  with  both  ends  clamped.  Step  1  shows 
release  of  the  right  clamp,  permitting  pusher  motion  to  pro¬ 
ceed  to  the  right.  In  step  2,  the  pusher  stack  is  activated  so  the 
front  of  the  pusher  extends  to  a  new  position.  This  extension 
distance  is  approximately  1-10  pm,  depending  on  the  load 
acting  on  the  shaft.  In  step  3,  the  right  clamp  is  reapplied 
by  de-energizing  its  piezoceramic  stack.  This  position  is 
identical  to  the  original  position  except  for  two  key  points: 
(1)  the  right  end  of  the  pusher  has  been  slightly  displaced; 
and  (2)  the  center  piezoceramic  is  energized.  In  step  4,  the 
left  clamp  is  released  by  energizing  its  in-line  stack.  In  step  5, 
the  center  stack  is  de-energized,  thus  contracting  compo¬ 
nents  of  the  pusher,  and  returning  it  to  its  original  shape. 
Once  the  left  clamp  is  re-applied  (not  shown)  by  de-energiz- 
ing  the  left  piezoceramic  stack  the  inchworm  has  returned  to 
its  clamped  state,  having  completed  an  incremental  displace¬ 
ment  of  the  pusher  to  the  right. 

As  shown  in  Figure  3,  the  H3C  inchworm  actuator  in¬ 
cludes  two  clamping  piezoceramic  stacks  and  one  transverse 
piezoceramic  stack  which  extends  the  pusher.  For  best  per¬ 
formance,  the  clamping  stacks  should  have  several  times  the 
blocked  force  of  the  pusher  stack.  For  reasons  of  economy, 
all  the  stacks  used  in  the  H3C  device  are  identical,  and  per¬ 
formance  is  limited  by  the  capability  of  the  clamping  stacks. 
The  stacks  used  are  Sumitomo  parts  PSA-15C45N.  They  are 
5.2  x  4.5  x  20  mm,  with  individual  layer  thicknesses  of  0. 1 1 
mm.  The  material  is  a  soft  PZT-5D. 

The  clamping  stacks  are  used  to  disengage  an  integral  flex¬ 
ure  which  provides  the  clamping  action  on  the  pusher  ele¬ 
ment.  The  design  of  this  flexure,  integral  to  the  upper  frame, 
was  crucial  to  the  successful  operation  of  the  actuator.  The 
main  design  goals  for  this  part  were  to  provide  maximum 
clamping  force  on  the  pusher  when  the  stack  is  uncharged. 


and  to  completely  disengage  the  clamp  when  the  stack  is  en¬ 
ergized.  Several  conditions  had  to  be  satisfied  for  the  inch- 
worm  to  operate  effectively  in  this  manner:  The  impedance 
of  the  deformed  structure  needed  to  closely  match  the  imped¬ 
ance  of  the  piezoceramic  stack,  to  facilitate  energy  transfer. 
The  Von-Mises  stress  magnitudes  were  also  required  to  re¬ 
main  within  the  yield  stress  envelope.  A  standard  factor  of 
safety  was  used  to  account  for  anticipated  higher  transient 
loads  in  operation.  Further,  the  stiffness  of  the  structure  in  the 
transverse  direction  was  maximized,  in  order  to  minimize 
displacements  due  to  friction  applied  by  the  pusher.  Another 
desire  was  maximization  of  the  resonance  frequency  of  the 
clamp  system,  to  ensure  that  it  was  higher  than  that  of  the 
stack.  This  would  allow  the  maximum  clamping  frequency  to 
be  limited  mainly  by  the  stack.  The  last  condition  involved 
the  surface  region  that  defines  the  interaction  of  the  pusher 
and  the  stack:  the  stress  distribution  across  the  stack  should 
be  fairly  uniform  and  the  structure  should  clamp  onto  the 
pusher  in  a  uniform  fashion. 

The  clamping  mass/spring  sub-structure  was  modeled, 
taking  advantage  of  symmetry,  using  plane  stress  finite  ele¬ 
ments  and  the  mesh  shown  in  Figure  4(b).  The  model  used 
spring  elements  to  model  the  force-displacement  character¬ 
istics  of  the  piezoceramic  stack  at  low  frequency.  These 
spring  elements  provided  a  distributed  load  across  the  inter¬ 
action  surface  with  the  piezoceramic  stack.  The  value  of  the 
combined  stiffness  was  35  MN/m,  which  represented  the  op¬ 
erating  point  at  which  the  stack  would  produce  a  force  of  350 
N  at  a  displacement  of  10  microns.  These  spring  elements 
were  then  displaced  by  10  microns.  Roller  boundary  condi¬ 
tions  were  applied  to  the  symmetry  line  of  clamping 
sub-structure,  and  clamps  were  applied  at  the  edge  and  at  the 
screw  interaction  point  to  simulate  the  relatively  high  stiff¬ 
ness  of  the  rest  of  the  upper  frame.  This  technique  made  it  un¬ 
necessary  to  model  the  rest  of  the  upper  frame  and  greatly  re¬ 
duced  computation  time. 

The  pusher,  lower  frame,  panels  and  other  small  parts  (see 
Figure  6)  were  designed  with  an  emphasis  on 
manufacturability  and  assembly.  These  parts  were  made 
from  titanium  at  PCB  Piezotronics,  Inc.,  using  wire  EDM. 


Figure  4.  (a)  Design  of  the  H3C  actuator  frame  and  (b)  static  finite  element  model  of  the  clamping  substructure. 
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Figure  5.  (a)  Solid  finite  element  model  of  the  upper  clamp  with  boundary  conditions  and  (b)  frequency 
spectrum  of  the  finite  element  dynamic  model. 


The  main  function  of  the  pusher  is  to  transmit  the  actuation 
force  and  displacement  to  an  exterior  load.  The  design  of  the 
pusher  was  critical  to  the  operation  of  the  inch  worm.  The 
pusher  has  slots  for  the  clamping  stacks  to  pass  through,  a 
layout  that  restricts  the  total  “throw”  of  the  actuator,  but  ac¬ 
ceptably  so.  The  pusher  slots  allow  the  stacks  to  be  centrally 
located  in  the  overall  device,  without  being  part  of  the  mov¬ 
ing  structure.  Integral  to  the  design  of  the  pusher  is  a  pre-load 
feature  which  allows  the  extensional  stack  to  be  placed  under 
compressive  load  during  assembly. 

The  area  over  which  the  clamping  flexural  sub-structure  of 
the  upper  frame  interacts  with  the  pusher  provides  enough 
surface  area  for  proper  frictional  force  transmission.  The  ma¬ 
terial  at  the  interaction  surface  was  lapped  to  nearly  a  mirror 
finish,  with  rms  surface  variation  on  the  order  of  1-2  mi¬ 
crons.  This  surface  precision  results  in  the  maximum  friction 
coefficient  for  the  material,  while  allowing  freedom  of  move¬ 
ment  with  only  a  few  microns  normal  displacement  of  the 
clamp. 

The  upper  frame  dynamic  characteristics  are  very  impor¬ 
tant  to  the  performance  of  the  inchworm.  Its  modes  of  vibra¬ 


tion  should  be  at  frequencies  higher  than  the  operating  stack 
frequency  range  of  0-1000  Hz.  It  is  also  important  that 
modes  other  than  the  plunging  mode  be  excited  only  mini¬ 
mally  upon  impact  so  as  not  to  disrupt  high-rate  repetitive  op¬ 
eration. 

As  illustrated  in  Figure  5,  the  first  mode  at  12,660  Hz  rep¬ 
resents  a  plunging  mode.  This  mode  could  be  excited  by  high 
frequency  actuation  of  the  piezoceramic  stack  and  should  be 
avoided.  Its  excitation  would  disrupt  clamping  and  likely 
cause  excessive  noise  due  to  impact  of  the  clamp  on  the 
pusher.  The  second  mode  at  17,634  Hz  represents  rotation  of 
the  mass/spring  structure  about  the  x  axis.  Excitation  of  this 
tipping  motion  would  cause  a  stress  gradient  across  the  sur¬ 
face  of  the  stack.  The  third  mode  at  23,407  Hz  involves  rota¬ 
tion  of  the  mass/spring  structure  about  the  z  axis.  This  rock¬ 
ing  mode  should  have  much  lower  amplitude  than  the  first 
two  modes  because  it  should  not  be  excited  by  forces  applied 
at  the  center  of  the  stack  interface  surface.  Were  this  mode  to 
be  excited  during  operation  it  would  also  result  in  a  detrimen¬ 
tal  stress  gradient  across  the  stack.  The  fourth  mode  at  24,633 
Hz  is  a  rotational  mode  about  the  y  axis.  The  response  of  this 


Figure  6.  (a)  Assembly  layout  of  the  inchworm  actuator  and  (b)  rendered  solid  model  of  the  final  design  of  the  H3C  inch- 
worm  actuator. 
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mode  should  also  be  small  compared  to  that  of  the  first  two 
and  should  not  be  excited  by  any  force  on  the  stack  interface 
surface.  If  excited  it  would  torque  the  stack  and  could  cause  it 
to  shear  unnecessarily. 

The  pusher  was  modeled  in  a  similar  fashion,  with  results 
that  affect  the  range  of  operation  significantly.  The  first  mode 
of  the  pusher  is  at  about  1 ,065  Hz  and  involves  bending  along 
the  x-y  plane.  This  mode  is  much  lower  in  frequency  than 
those  of  the  upper  clamp  and  represents  an  upper  bound  on 
the  clamping  frequency.  Also  important,  the  fundamental 
extensional  mode  is  at  about  1 1 ,806  Hz  and,  if  excited,  would 
interfere  with  the  extensional  motion  sequence.  This  reso¬ 
nance  is  far  beyond  the  intended  operating  frequency  range, 
but  with  additional  mass  (i.e.,  loading  condition)  added  to  the 
end  of  the  pusher  the  resonance  frequency  could  quickly  fall 
into  the  range  of  interest. 

Easy  assembly  of  the  actuator  was  crucial.  As  a  develop¬ 
mental  device,  it  had  to  be  designed  for  manufacturability, 
repairability  and  integration.  The  assembly  [shown  in  Figure 
6(a)]  allowed  ready  access  to  the  internal  structure. 

TESTING  THE  PROTOTYPE  H3C  ACTUATOR 

With  the  actuator  designed,  manufactured  and  assembled, 
it  was  tested  to  characterize  its  performance.  Many  features 
of  the  drive  signals  must  be  specified,  including  waveform 
shape,  level,  duty  cycle  and  relative  phasing.  These  variables 
must  be  simultaneously  optimized  in  order  to  attain  the  best 
possible  performance.  With  this  need  for  flexibility  in  mind, 
LAB  VIEW  software  was  used  to  generate  inchworm  drive 
signals  through  a  PC  digital  to  analog  output  board.  This 
software  was  used  to  create  waveforms  of  virtually  any 
shape,  and  allowed  the  frequency,  amplitude,  duty  cycle  and 
phase  of  the  signals  to  be  easily  adjusted.  Figure  7  shows 
sample  drive  signals  generated  using  this  software. 
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Figure  7.  Example  of  waveform  signals  generated  using  LABVIEW 
software. 


A  special-purpose  calibration  fixture  was  developed  for 
characterization  of  the  inchworm,  as  shown  in  Figure  8.  Its 
main  feature  is  a  stiff  beam  pivoted  on  one  end  in  a  precision 
bearing.  An  important  aspect  of  this  fixture  is  the  ability  to 
selectively  drive  loads  that  are  primarily  inertial  in  nature, 
primarily  stiffness  in  nature,  or  a  combination  of  both.  The 
beam  can  be  driven  against  a  compression  spring  for  a  stiff¬ 
ness  load,  or  a  mass  can  be  attached  to  the  beam  to  increase 
the  inertial  load.  A  high-sensitivity  strain  gage  load  cell  and 
an  LVDT  position  transducer  were  used  to  measure  perfor¬ 
mance.  Further,  an  analog  to  digital  input  board  was  used  to 
record  the  output  force  and  velocity  in  LABVIEW,  a  feature 
of  the  experimental  setup  that  will  eventually  enable 
closed-loop  operation  of  the  inchworm. 

There  were  three  objectives  of  the  initial  inchworm  experi¬ 
ments.  The  first  was  to  characterize  the  performance  of  the 
inchworm  in  terms  of  dynamic  force  and  velocity,  the  second 
was  to  optimize  the  clamp  and  pusher  drive  signals,  and  the 
third  was  to  generate  experimental  data  to  test  the  validity  of 
the  dynamic  model.  Two  initial  experiments  were  devised  to 
characterize  performance.  First,  the  actuator  was  driven 
against  the  compression  spring  until  the  maximum  dynamic 
force  was  reached,  and  no  further  displacement  was  possible. 
The  piezoceramic  clamp  stacks  were  driven  with  square 


Figure  8.  Schematic  of  the  H3C  inchworm  actuator  performance  characterization  experiment 
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Figure  9.  Maximum  dynamic  driving  force  against  a  compression 
spring. 
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Figure  10.  Inchworm  velocity  vs.  cycle  frequency,  driven  with 
square  and  sinusoidal  clamp  signals . 


waves,  at  voltages  up  to  a  maximum  of  124  V.  The  signal  to 
the  pusher  was  an  offset  0  to  87  V  sine  wave.  As  seen  in  Fig¬ 
ure  9,  the  stall  force  increased  with  voltage  due  to  corre¬ 
spondingly  higher  clamping  forces.  The  maximum  dynamic 
force  was  41.5  N. 

A  second  characterization  experiment  was  to  measure  the 
no-load  maximum  velocity.  This  time,  two  different  types  of 
signals  were  used  to  drive  the  clamping  stacks:  a  square  wave 
and  a  sine  wave.  The  amplitude  of  both  kinds  of  waves  was 
fixed  at  97  V.  As  shown  in  Figure  10,  the  maximum  velocity 
attained  for  a  square  signal  was  3.3  mm/s  at  a  drive  frequency 
of  500  Hz;  presumably  because  of  clamping  force  degrada¬ 
tion  due  to  dynamic  effects,  the  inchworm  would  not  run  at 
higher  frequencies.  For  a  sinusoidal  signal,  however,  a  maxi¬ 
mum  velocity  of  5.4  mm/s  was  attained  at  a  drive  frequency 
of  900  Hz.  Higher  driving  rates  were  possible  with  the  sinu¬ 
soidal  signal  because  the  clamp  motion  was  smooth,  with 
less  noise  and  vibration.  This  is  a  potentially  important  ob¬ 


servation,  since  a  sinusoidal  signal  could  be  easily  created 
using  standard  AC  voltage,  perhaps  reducing  the  need  for 
separate,  complex  signal  generators  and  amplifiers. 

The  ongoing  goal  of  experimentation  is  to  increase  inch- 
worm  performance  by  optimizing  clamp  signal  parameters: 
waveform  shape,  voltage,  phase,  cycle  frequency  and  duty 
cycle.  Because  of  the  large  number  of  signal  parameters, 
each  must  be  independently  optimized.  With  sinusoidal 
clamp  signals,  for  example,  the  drive  voltage  and  frequency 
were  held  at  90  V  and  1 00  Hz,  respectively,  while  the  relative 
phases  of  the  sine  waves  were  changed.  As  shown  in  Figure 
1 1 ,  there  was  an  increase  and  then  a  decrease  in  performance 
as  the  phase  between  the  clamp  signals  was  changed.  This 
experiment  was  carried  out  for  several  pusher  wave  phases 
(the  relative  phase  between  the  pusher  and  the  first  clamp  sig¬ 
nal),  and  demonstrated  that  the  best  performance  was  ob¬ 
tained  when  the  clamp  signals  were  175  degrees  apart,  and 
the  pusher  signal  was  75  degrees  after  the  first  clamp  signal. 


Figure  11.  (a)  Determination  of  the  optimal  relative  phases  between  waveform  signals  and  (b)  sample  of  waveform  signals 
from  LABVIEW  showing  phase. 
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DYNAMIC  MODEL  FORMULATION  AND 
VALIDATION 

Dynamic  operation  of  the  H3C  inchworm  was  modeled 
using  a  4  DOF  lumped  parameter  system,  as  shown  in  Figure 
12.  The  rear  and  front  end  of  the  pusher  were  modeled  as 
rigid  masses,  the  flexures  as  massless  springs,  and  the  clamp¬ 
ing  devices  as  mass-spring  systems.  The  stacks  were  repre¬ 
sented  by  spring  elements  in  series  with  induced  displace¬ 
ment  elements.  The  four  degrees  of  freedom  corresponded  to 
the  displacements  of  the  two  ends  of  the  pusher  and  the  two 
free  ends  of  the  clamping  elements.  The  external  load  con¬ 
sists  of  a  single  degree  of  freedom  system  and  a  static  force. 
The  connection  between  the  external  system  and  the  pusher 
is  assumed  to  be  perfectly  rigid,  so  that  any  external  mass  is 
included  in  the  mass  of  the  front  end  of  the  pusher. 

The  dynamic  response  of  the  system  to  time- varying  drive 
voltages  in  the  stacks  was  calculated  by  the 
Runge-Kutta-Nystrom  method.  At  step  (i),  the  displace¬ 
ments  (  /  +  1 )  are  integrated  using  the  forces  of  step  (i),  which 
include  friction  forces,  induced  forces  and  external  forces. 
The  rest  of  the  algorithm  evaluates  the  friction  forces  for  step 
(i  +  1).  The  resultant  normal  force  applied  to  the  pusher  by 
each  of  the  clamping  devices  is  first  checked.  If  it  is  positive 
(upward),  the  friction  force  is  zero  and  the  corresponding  end 
of  the  pusher  is  free.  If  it  is  negative  (downward),  the  friction 
force  is  non-zero  and  can  be  either  a  static  or  a  dynamic  fric¬ 
tion  force.  The  sum  of  all  the  forces  of  step  (i  +  1)  applied  to 
the  end  of  the  pusher,  including  elastic,  viscous,  and  inertial 
forces,  is  then  computed.  If  this  exceeds  the  value  of  the  static 
friction  force,  the  friction  force  is  set  to  its  dynamic  value.  If 
it  is  lower,  the  displacement  (/  +  1 )  is  set  to  zero  and  the  fric¬ 
tion  force  is  set  to  the  sum  of  all  other  forces  of  step  ( /  + 1 )  act¬ 
ing  on  the  end  of  the  pusher,  given  the  zero  displacement. 

The  governing  equation  of  motion  of  the  model  was  as  fol¬ 
lows: 


Kf—  equivalent  stiffness  coefficient  of  one  membrane  of 
the  flexure 

Kaf=  equivalent  stiffness  coefficient  of  the  free-free  lon¬ 
gitudinal  stack 

Maf=  equivalent  mass  coefficient  of  the  free-free  longitu¬ 
dinal  stack 

Mr)  =  mass  of  the  rear  block  of  the  pusher 
Mr2  =  mass  of  the  front  block  of  the  pusher 
X,  =  displacement  of  the  rear  rod 
X2  =  displacement  of  the  front  rod 


External  stiffness, 
damping,  and  static 
force 


Figure  12.  Lumped  parameter  model  of  the  H3C  inchworm. 
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Xfree  =  free  displacement  of  the  longitudinal  stack 
Kac  =  equivalent  stiffness  coefficient  of  the  clamped-free 
longitudinal  stack 

Mac  =  equivalent  mass  coefficient  of  the  clamped-free  lon¬ 
gitudinal  stack 

Y\  =  displacement  of  the  rear  transverse  stack 
Y2  =  displacement  of  the  front  transverse  stack 
Y i free  ~  free  displacement  of  the  rear  transverse  stack 
Y2 free  -  free  displacement  of  the  front  transverse  stack 
Kit  =  equivalent  stiffness  coefficient  of  the  clamps 
Cu  =  equivalent  damping  coefficient  of  the  clamps 
M„  =  equivalent  mass  coefficient  of  the  clamps 
K  =  external  stiffness 
C  =  external  damping 
M  =  external  mass 

T]  =  frictional  force  acting  on  the  rear  of  the  pusher 
Ti  =  frictional  force  acting  on  the  front  of  the  pusher 
F  =  external  force  acting  on  the  pusher 

Figures  13(a)  and  13(b)  show  the  displacements  of  the  rear 
and  front  of  the  pusher,  and  the  friction  forces,  for  the  follow¬ 
ing  loading  and  driving  conditions:  a  mass  of  0.5  kg,  a  spring 
stiffness  of  0.1%  of  the  stiffness  of  the  stack,  and  a  static 
force  equal  to  the  weight  of  the  mass;  the  clamping  stacks 
were  driven  with  square  waves  with  zero  phase  shift,  100 
Volts  peak,  and  300  Hz;  the  pusher  stack  was  driven  with  a 
sine  wave,  100  Volts  peak,  and  300  Hz.  In  this  nearly  free 
condition,  the  numerical  model  yielded  good  results,  as 
shown  in  Figure  14.  However,  as  the  external  mass  increased, 
the  results  degraded.  The  numerical  model  tended  to  overes¬ 
timate  the  displacements  for  large  external  loads,  giving  re¬ 
sults  similar  to  the  free  case.  One  shortcoming  of  this  model 
is  that  no  friction  force  is  applied  to  the  pusher  if  the  clamp¬ 
ing  devices  bounce  on  the  surface  due  to  oscillations.  When 
attempting  to  move  large  external  loads,  the  precompression 
forces  applied  to  the  clamping  devices  need  to  be  high.  The 
clamping  devices  are  thus  more  likely  to  bounce  on  the  sur- 


Drive  frequency  (Hz) 


Figure  14.  Experimental  and  computed  inchworm  speeds  under 
0.5  kg  mass  loading. 


face  of  the  pusher,  and  to  slow  it  down  during  the  extension 
phase. 

Figures  15(a)  and  15(b)  show  the  force  applied  by  the 
inchworm  on  the  external  structure  in  the  following  loading 
and  driving  conditions:  a  mass  of  0.5  kg.  a  spring  stiffness  of 
1  %  of  the  stiffness  of  the  stack  and  a  static  force  equal  to  the 
weight  of  the  mass.  For  Figure  15(a),  the  same  voltages  as  in 
Figures  13(a)  and  13(b)  were  used,  and  for  Figure  15(b)  an  18 
degree  phase  lag  was  applied  to  the  front  clamp.  The  purpose 
of  the  delay  was  to  ensure  that  the  pusher  developed  some 
initial  force  by  the  time  its  front  end  was  released.  On  the 
other  hand,  the  delay  reduced  the  time  over  which  the  pusher 
was  free  to  extend.  The  results  show  that  the  front  end  of  the 
pusher  experienced  less  backlash  with  delayed  voltages. 
This  suggests  the  existence  of  an  optimal  phase  shift  for  the 
clamp  signals. 

The  model  was  validated  further  by  comparing  the  simula¬ 
tion  to  experimental  measurements  of  the  step  size  and  char¬ 
acteristics  at  various  loading  conditions.  In  Figure  16,  the 
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Figure  13.  (a)  Displacements  of  the  pusher  (mm  ends)  and  (b)  fric¬ 
tion  forces  on  the  pusher  ends  (H)  (dashed:  front,  solid:  rear). 
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Figure  15.  (a)  Force  output  with  zero  phase  lag  (N),  and  (b)  force 
output  with  an  18  degree  phase  lag  (N). 
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Figure  1 6.  inchworm  steps  against  a4N  spring  load,  analytical  and 
experimental. 


inchworm  was  driven  against  a  load  of  4  N,  and  the  position 
output  measured  is  plotted  for  six  steps.  Under  the  same  load¬ 
ing  and  signal  waveforms,  the  simulated  behavior  of  the 
model  is  plotted  in  Figure  16.  Note  most  importantly  that  the 
shapes  of  the  two  curves  are  similar.  The  position  output  in 
each  case  is  the  shape  of  a  sine  wave  (corresponding  to  the 
sine  wave  input  to  the  pusher  stacks)  followed  by  a  flat  por¬ 
tion  of  the  curve  (corresponding  to  the  case  when  the  front  of 
the  pusher  is  clamped  and  the  rear  of  the  pusher  is  allowed  to 
step  forward).  The  lack  of  exact  agreement  between  the  two 
curves  is  the  result  of  two  effects.  First,  there  are  time  de¬ 
pendent  vertical  forces  due  to  wave  motion  in  the  spring 
component  of  the  spring/mass  load.  These  forces  tend  to  add 
unsteady  clamping  forces  to  the  analytical  simulation,  slow¬ 
ing  the  steps.  Also,  the  step  size  experimentally  measured  is 
slightly  higher  than  predicted,  because  the  PZT  stacks  pro¬ 
duced  more  displacement  than  expected. 

In  Figure  17  the  experiment  is  repeated,  but  now  against  a 
10  N  load.  The  experimental  and  computed  results  agree 
fairly  well  again,  with  the  same  discrepancy  as  explained 
above.  A  new  behavior  is  seen  in  the  experimental  plot,  in 
that  the  pusher  slips  backwards  slightly  at  the  beginning  of 
each  new  step.  This  takes  place  because  the  combined  effect 
of  the  spring  load  and  the  inertial  reaction  on  the  inchworm  is 


Figure  17.  Inchworm  steps  against  a  10  N  spring  load ,  analytical 
and  experimental . 


Quasi-static  inchworm  steps 


Figure  18.  Inchworm  steps  against  a  40  N  spring  load ,  analytical 
and  experimental. 


greater  than  the  friction  force  applied  by  the  rear  clamp. 
Also,  the  rear  clamping  force  may  be  lower  than  expected  be¬ 
cause  of  chatter  effects  caused  by  using  a  square  wave  to  acti¬ 
vate  the  clamp.  The  backslip  is  not  as  large  in  the  simulated 
plot,  because  the  dynamic  loss  of  clamping  force  is  difficult 
to  predict. 

The  next  experiment  is  performed  against  a  spring  load  of 
40  N,  which  has  been  shown  to  be  near  the  maximum  force 
capacity  of  the  motor.  The  backlash  discussed  above  is  sig¬ 
nificantly  more  noticeable  in  this  case,  as  seen  in  Figure  18. 
At  the  beginning  of  each  step,  the  pusher  slips  backwards  a 
distance  equal  to  half  of  a  step  before  extending  forward. 
Once  the  forward  step  has  begun,  however,  the  pusher  stacks 
still  extend  forward  a  distance  of  about  10  microns,  similar  to 
the  step  size  against  smaller  loads.  From  this,  it  is  determined 
that  the  maximum  pushing  force  is  limited  by  the  clamping 
force  on  the  rear  of  the  pusher,  rather  than  the  force  limit  of 
the  pushing  stacks.  The  simulated  response  against  the  40  N 
load  also  shows  the  backslip  of  the  pusher.  The  alternating 
difference  in  the  predicted  step  size  is  probably  due  to  the 
inchworm  pushing  out  of  phase  against  the  external  load. 

An  additional  verification  of  the  model  is  that  it  accurately 
predicts  the  maximum  dynamic  force  against  which  the  inch- 
worm  can  advance.  Against  an  external  load  of  50  N,  the  sim- 


Figure  19.  Simulated  output  of  the  inchworm  against  a  50  N  load. 
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ulated  response  takes  half  a  step  forward,  then  slips  back,  far 
past  its  original  position.  This  is  shown  in  Figure  19.  Accord¬ 
ingly,  the  maximum  dynamic  force  of  the  actuator  has  been 
measured  to  be  just  under  50  N. 

CONCLUSIONS 

A  linear  inchworm  motor  was  developed  for  structural 
shape  control  applications.  Features  of  the  subject  device  in¬ 
clude  small  size  (60  x  40  x  20  mm),  stroke  of  0.6  cm,  free 
speed  of  0.6  cm/s,  stall  load  of  more  than  40  N,  and  static 
holding  force  capability  greater  than  200  N.  There  are  three 
active  piezoelectric  elements  within  the  inchworm:  two 
“clamps”  and  one  “pusher”  Large  displacements  are 
achieved  by  repetitively  advancing  and  clamping  the  pushing 
element.  The  development  of  a  robust  clamping  mechanism 
is  essential  to  attain  high  force  capability,  and  considerable 
design  effort  focused  on  improving  this  mechanism.  To 
guide  the  design,  a  lumped  parameter  model  of  the  inchworm 
was  developed.  This  model  included  the  dynamics  of  the 
moving  shaft  and  the  frictional  clamping  devices  and  used  a 
variable  friction  coefficient.  It  enabled  the  simulation  of  the 
time  response  of  the  actuator  under  typical  loading  condi¬ 
tions.  The  effects  of  the  step  drive  frequency,  the  pre-load  ap¬ 
plied  on  the  clamps,  and  the  phase  shifts  of  the  clamp  signals 
relative  to  that  of  the  main  pusher  signal  were  investigated. 
Using  this  tool  to  guide  the  experiments,  the  driving  frequen¬ 
cies  and  phase  shifts  that  result  in  maximum  speed  were  ex¬ 
plored.  Measured  rates  of  motion  agreed  well  with  predic¬ 
tions,  but  the  measured  dynamic  force  was  lower  than 
expected. 
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6.34.1  INTRODUCTION 

In  general,  piezoelectric  ultrasonic  motors 
contain  two  basic  components  that  are  the 
stator  and  the  rotor.  Piezoelectric  and  elastic 
materials  in  a  stator  are  combined  in  various 
ways  forming  a  composite  structure.  Exciting  at 
least  two  orthogonal  mechanical  vibration 
modes  of  the  composite  stator  using  single  or 
orthogonal  multiple  high-frequency  a.c.  signals 
generates  mechanical  elliptical  motion  on  the 
stator  surface.  The  rotor  is  pressed  against  the 
stator’s  surface  and  a  rotation  is  produced  by 
frictional  interaction  between  the  touching  sta¬ 
tor  and  rotor  surfaces. 

In  1942,  Williams  and  Brown  proposed  the 
first  piezoelectric  ultrasonic  motor  using  the 


principle  described  above.  Figure  1  shows  the 
structure  of  the  motor’s  stator  in  which  four 
piezoelectric  rectangular  elements  were  bonded 
to  all  faces  of  a  quadratic  bar  forming  a  com¬ 
posite  structure.  A  wobble  motion  was  gener¬ 
ated  at  one  end  of  the  bar  upon  exciting  the 
piezoelectric  elements  with  two-phase  potential. 
This  motor’s  operating  principle  is  identical  to  a 
traveling  wave  motor  if  the  phase  difference  is 
set  to  90°. 

Although  the  working  mechanisms  of  ultra¬ 
sonic  motors  had  been  known  for  almost  50 
years,  only  a  few  different  types  of  ultrasonic 
motors  have  been  developed  since  the  1980s 
(Kleesattel  and  Kuris,  1959;  Archangelskij, 
1963;  Lavrinenko,  1964;  Barth,  1973;  Wisc- 
newski,  1975). 
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An  instrument  for  driving  a  small-diameter 
drill  by  using  the  principle  of  high-frequency, 
low-amplitude  elliptic  motion  was  invented  in 
1959  (Kleesattel  and  Kuris,  1959).  Although 
the  body  of  the  rod  is  vibrating  longitudinally, 
an  elliptical  vibratory  motion  is  generated  at 
the  working  end  of  the  rod  due  to  the  indirect 
bending  mode  of  the  tip  of  the  rod.  This  vibra¬ 
tory  motor  was  applied  to  dental  and  surgical 
instrumentation. 

In  1963,  Archangelskij  described  the  conver¬ 
sion  of  a  vibratory  motion  along  the  surface  of 
a  rod  into  rotational  or  linear  motion  of  a  body 
in  contact  with  it.  He  explained  this  phenom¬ 
enon  on  the  basis  of  superposition  of  longitu¬ 
dinal  and  flexural  vibrations  in  the  rod  and 
subsequent  interrupted  contact  conditions  be¬ 
tween  the  bodies. 

Barth,  in  1973,  proposed  a  motor  driven  by 
ultrasonic  vibration.  The  rotor  is  pressed 
against  two  horns  placed  at  different  locations. 
By  exciting  one  of  the  horns,  the  rotor  is  rotated 
in  one  direction,  and  by  stopping  this  rotation 
and  exciting  the  other  horn,  direction  reversal  is 
possible.  Lavrinenko  (1964)  proposed  various 
mechanisms  based  on  the  same  principles. 

The  motor  proposed  by  Vasiliev  et  al  in  1980 
used  an  ultrasonic  transducer  consisting  of  a 
piezoelectric  element  between  two  metal  blocks. 
The  blocks  served  to  lower  the  resonance  fre¬ 
quency  and  magnify  the  vibration  amplitude. 
The  longitudinal  vibration  of  the  vibrator  is 
transmitted  to  a  vibrating  piece  in  contact 
with  the  rotor.  The  rotor  is  driven  by  friction 
contact  as  it  flexurally  vibrates.  A  feedback 
control  was  used  to  control  vibration  ampli¬ 
tude.  Because  of  the  difficulty  in  maintaining  a 
constant  vibration  amplitude  at  a  high  tem¬ 
perature  and  with  wear,  the  motor  was  not  of 
practical  use. 


Sashida  proposed  and  experimentally  fabri¬ 
cated  a  vibratory  motor  in  1980.  The  ultrasonic 
vibration  and  rotor  are  in  the  same  plane  and 
share  a  common  axis  with  the  transducer.  The 
rotor  is  driven  through  friction  by  vibrating 
pieces  at  a  slight  angle  to  normal  of  the  rotor. 
This  motor  uses  a  bolted  type  Langevin  trans¬ 
ducer  at  a  frequency  of  27.8  kHz.  Other  techni¬ 
cal  specifications  include  a  torque  of  0.25  Nm, 
power  of  90  W,  and  mechanical  power  output 
of  50  W.  This  was  the  first  practical  motor 
demonstrated.  In  order  to  counteract  the  pro¬ 
blem  of  wear,  Sashida  proposed  a  traveling 
wave  ultrasonic  motor  in  1982  (Figure  2). 
After  Sashida’s  traveling  wave  ultrasonic 
motor,  many  new  ultrasonic  motor  designs 
were  proposed.  These  motors  display  some 
exceptional  properties:  high  resolution  of  dis¬ 
placement  control,  absence  of  a  parasitic  mag¬ 
netic  field,  frictional  locking  at  the  power-off 
stage,  and  high  thrust-to-weight  ratio.  These 
properties  make  them  good  candidates  for  use 
in  precision  microrobots. 

As  has  been  noticed,  the  ceramic-metal  com¬ 
posite  structure  is  a  key  to  designing  a  motor 
stator,  where  the  ceramic  generates  the  actua¬ 
tion,  and  the  metal  amplifies  the  displacement 
and  transfers  the  force.  How  to  compose  these 
two  parts  is  one  of  the  important  issues  in 
realizing  reliable  ultrasonic  motors. 


6.34.2  CLASSIFICATION  OF 

PIEZOELECTRIC  ULTRASONIC 
MOTORS 

A  common  feature  of  all  piezoelectric  ultra¬ 
sonic  motors  is  their  two-stage  energy  conver¬ 
sion  mechanism.  In  the  first  stage,  piezoelectric 
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Figure  3  Operating  example  of  traveling  wave 
piezoelectric  ultrasonic  motors. 


The  generation  of  an  elliptical  motion  on  the 
vibrating  piezoelectric  ring  takes  place  accord¬ 
ing  to  the  following  procedure.  Due  to  symme¬ 
try,  the  two  sinusoids  with  a  phase  difference 

ux  —  uxo  sin  wt  and  uy  =  uy0  sin(  wt  +  y)  (1) 

Rearranging  Equation  (1)  gives  the  following 
relations 


elements  convert  electrical  energy  into  high- 
frequency  mechanical  oscillations.  In  the 
second  stage,  the  high-frequency  oscillatory  vi¬ 
bration  is  rectified  into  microscopic  unidirec¬ 
tional  rotary  or  linear  motion  of  a  driven 
component.  Depending  on  the  geometry  of 
the  stator  and  the  nature  of  the  piezoelectric 
excitation,  two  orthogonal  vibration  modes  can 
be  superimposed  on  the  surface  point  under¬ 
going  elliptical  motion.  There  are  many  ways  of 
generating  an  elliptical  trajectory  on  the  surface 
of  the  vibratory  pieces  and  many  researchers 
have  classified  piezoelectric  ultrasonic  motors 
into  two  groups  according  to  the  vibration 
modes  used  to  generate  the  elliptical  motion 
(Ueha  and  Tomikawa,  1993;  Sashida  and 
Kenjo,  1993;  Wallaschek,  1998;  Uchino, 
1998).  However,  there  are  some  structures 
that  generate  neither  traveling  wave  nor  stand¬ 
ing  waves  types.  We  classify  piezoelectric  ultra¬ 
sonic  motors  into  four  categories  based  on  the 
generation  of  an  elliptical  trajectory  on  the 
stator  surface: 

(i)  traveling  wave  type, 

(ii)  standing  wave  type, 

(iii)  mode  rotation  (stepper)  type, 

(iv)  multi-  (or  mixed-)  mode  excitation  type, 

(a)  single-excitation, 

(b)  multivibrator  excitation. 
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The  uy  term  can  be  expanded  to  give 

uy  —  uy0  [sin  wt  cos  y  -h  cos  wt  sin  y]  (3) 

Substituting  Equation  (2)  into  (3),  we  have 
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Rearranging  Equation  gives 
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Expanding  Equation  (5) 

N?  2  MvK„  tii 


Uyo  UxoUyo 


-cos y  4-  cos  y  =  sin  y  — f  sm  y 


(6) 

Finally,  the  following  expression  can  be  ob¬ 
tained 

ip-ip 

^  +  -f  =  smzy-{-2smwtsm(wt  +  yjeosy  (7) 

Ur  w- 


6.34.2.1  Traveling  Wave  Type  Motors 

Intensive  research  on  piezoelectric  ultrasonic 
motors  started  after  the  invention  of  Sashida’ s 
first  practical  ultrasonic  motor  in  1982.  The 
elliptical  motion  on  the  stator  surface  is  gener¬ 
ated  by  a  proper  superposition  of  two  orthogo¬ 
nal  flexural  waves.  The  piezoelectric  ring  has  a 
segmented  electrodes  and  the  piezoelectric  cera¬ 
mic  under  each  segment  is  polarized  in  such  a 
way  that  one  group  of  segments  excites  the  sine 
mode  and  the  other  group  excites  the  cosine 
mode.  Figure  3  shows  the  operation  principle  of 
a  traveling  wave  motor.  In  the  literature,  the 
operating  principle  of  a  traveling  wave  motors 
is  described  in  detail  (Inaba  et  al. ,  1987;  Hager- 
dom  and  Wallaschek,  1992a,  1992b;  Sashida 
and  Kenjo,  1993;  Ueha  and  Tomikawa,  1993; 
Uchino,  1997). 


For  the  case  of  y  =  § 


Equation  (8)  is  the  trajectory  of  the  elliptical 
motion.  The  particles  have  elliptical  trajectories 
on  the  surface  of  the  material  when  excited  by 
two  sinusoids  with  a  phase  difference  of  90°. 
Although  the  most  common  structure  for  ro¬ 
tary  motors  is  a  disk,  ring,  or  cylinder,  a  travel¬ 
ing  wave  type  piezoelectric  motor  using  a 
rectangular  plate  was  also  proposed  by 
Manceau  et  al.  in  1998.  Motors  using  high- 
frequency  surface  acoustic  waves  (SAW)  may 
also  be  classified  in  this  group  (Kurosawa, 
1996).  Flynn  et  al.  (1992)  attempted  to  minia¬ 
turize  traveling  wave  type  piezoelectric  motors 
using  ferroelectric  thin  films. 
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Figure  4  Vibratory  piece  and  elliptical  trajectory 
on  the  slider  surface  (after  Sashida,  1982). 


A 


Figure  5  Standing  wave  type  ultrasonic  motor 
operating  in  the  (3.1)  mode  (after  Takano,  1992b). 


6.34.2.2  Standing  Wave  Type  Motors 

There  are  two  different  designs  of  piezoelec¬ 
tric  ultrasonic  motors  of  the  standing  wave 
type.  In  the  first  class,  only  the  longitudinal 
vibration  of  the  piezoelectric  actuator  is  excited 
(Figure  4).  The  oblique  impact  between  the 


stator  and  slider/rotor  elements  cause  an  indir¬ 
ect  bending  mode  excitation,  converting  long¬ 
itudinal  vibration  into  tangential  vibration  in 
the  case  of  rotary  motors  (Barth,  1973;  Wisc- 
newski  et  al ,  1975;  Lavrinenko,  1964;  Sashida, 
1982).  In  the  second  class,  two  groups  of  elec¬ 
trodes  on  the  vibratory  pieces,  such  as  on  a  ring, 
are  excited  in  order  to  have  clockwise  and 
counterclockwise  rotation.  Such  a  motor  design 
was  proposed  by  Takano  et  aL  (1990, 1992)  and 
the  principle  is  illustrated  in  Figure  5. 

The  circular  shape  of  the  piezoelectric  ele¬ 
ment  shown  in  Figure  5  is  divided  into  12  parts 
of  1/4  wavelengths.  The  parts  of  each  pattern 
are  alternately  polarized  in  positive  (  +  )  and 
negative  (— )  pairs.  The  six  projections  on  the 
vibrator  are  placed  on  the  border  between  parts 
of  the  same  polarity  and  are  adhered  to  the 
piezoelectric  element.  When  the  shaded 
(Group  A)  electrodes  are  excited  at  the  operat¬ 
ing  frequency  of  the  motor,  the  projections 
leading  to  the  left  rise  and  those  leading  to  the 
right  fall  (the  position  of  the  hills  and  valleys 
alternate  in  half-periods).  The  rotor  is  then 
driven  to  the  left  by  the  three  rising  projections. 
When  the  drive  signal  is  applied  to  the  non- 
shaded  area  (Group  B),  the  entire  process  is 
reversed.  By  driving  the  rotor  in  this  manner,  it 
is  possible  to  easily  change  the  direction  of  the 
rotor.  The  principle  described  above  is  also 
valid  for  linear  piezoelectric  ultrasonic  motors. 


6.34.2.3  Multi-  (or  Mixed-)  Mode  Excitation 
Type  Motors 

The  type  of  vibrations  and  vibration  trans¬ 
formations  on  the  composite  stator  elements  of 
multimode  type  motors  are  summarized  in 
Table  1.  An  elliptical  motion  on  the  vibratory 
pieces  is  generated  when  at  least  two  orthogo¬ 
nal  vibration  modes  are  superimposed.  If  multi¬ 
vibrators  are  used,  either  the  vibration  or 
orientations  of  the  vibrators  need  to  be  oriented 
orthogonally. 


Table  1  Vibrations  on  stator  transducers  used  in  multimode  excitation  type 

motors. 


Single  mode 

Coupled  mode 

Vibration  transformation 
through  vibration  coupler 

Longitudinal 

Longitudinal-T  ransversal 

Longitudinal  to  torsional 

Transversal 

Longitudinal-T  orsional 

Longitudinal  to  flexural 

Radial 

Longitudinal-Flexural 

Torsional  to  longitudinal 

Bending 

Flexural-Flexural 

Flexural  to  torsional 

Flexural 

Radial-Torsional 

Radial  to  torsional 
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Figure  6  Configuration  of  longitudinal  torsional 
vibrator:  (a)  (after  Kumada,  1985);  (b)  (after  Tsu- 
jino  et  al,  1992). 


6.34.23.1  Single-element  vibrator  exciting 
multimode  vibrations 

Exciting  at  least  two  resonance  modes  of  the 
stator  vibrator  generates  elliptical  motion  on 
the  stator  surface.  According  to  the  shape  of 
the  stator  transducer,  these  orthogonal  reso¬ 
nance  modes  may  generate  longitudinal-tor¬ 
sional  (Kumada,  1985;  Tsujino  et  al. ,  1992; 
Aoyagi  et  al,  1997a,  1997b),  radial-torsional, 
longitudinal-flexural  (Fleischer  et  al.,  1989a, 
1989b;  Tomikawa  1992),  or  flexural-flexural 
motions. 

The  most  popular  shapes  for  active  piezo¬ 
electric  elements  used  in  the  stator  structure 
are  a  ring,  cylinder,  or  rectangular  plate. 
Figures  6(a),  6(b),  7,  and  8  show  some  of  the 
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Figure  8  Rectangular  stator  transducer  of  a  multi- 
mode  resonator  (after  Tomikava  et  al.,  1992). 


motor  structures  operating  according  to  the 
multimode  excitation  principle.  The  stators  of 
these  types  of  motors  may  have  some  elastic 
additions,  which  are  called  vibration  couplers 
or  concentrators.  Single-mode  vibration  on  the 
piezoelectric  element  is  converted  into  multi- 
mode  vibration  at  the  tip  of  the  concentrator. 

Either  exciting  two  different  electrode  groups 
one  at  a  time  or  tuning  the  driving  frequency  of 
the  stator  vibrator  to  a  different  orthogonal 
frequency  pair  controls  the  rotation  or  direc¬ 
tion  of  the  linear  motion. 

A  motor  proposed  by  Lee  and  Li  (1998)  uses 
piezoelectric  laminated  three-layer  composite 
materials,  comprising  a  layer  of  piezoelectric 
ceramic  material  sandwiched  between  two  anti¬ 
symmetric  composite  laminates,  which  can  also 
be  assumed  a  single  vibrator  multimode  type 
motor.  The  required  anisotropy  of  the  laminate 
was  obtained  by  arranging  the  laminate  so  that 
the  fibers  in  the  two  outer  layers  of  the  piezo¬ 
electric  beam  run  in  0  and  —0  directions. 


Piezoelectric 


Figure  7  Bimodal  type  piezoelectric  motor  (after  Fleischer  et  al.,  1989a,  1989b). 
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Rotor 


Figure  9  (a)  Structure  of  the  ultrasonic  motor. 
Metal  end  caps  were  bonded  to  the  piezoelectric 
ring  using  adhesive  epoxy,  (b)  Top  and  cross- 
sectional  view  of  the  stator  displacement.  Wind¬ 
mill-like  slits  were  cut  by  EDM. 


Another  multimode  motor  was  developed 
using  a  metal  ceramic  composite  structure 
(Koc  et  al,  1998a,  1998b).  The  basic  configura¬ 
tion  of  the  designed  piezoelectric  ultrasonic 
motor  is  shown  in  Figure  9(a).  The  motor  is 
composed  of  three  components:  a  stator,  a 
rotor,  and  a  ball  bearing.  The  stator  is  made 
of  an  active  piezoelectric  ring,  poled  in  its  thick¬ 
ness  direction  and  bonded  with  two  windmill¬ 
like  slotted  metal  end  caps.  The  stator  is  excited 
through  its  two  electrodes,  generating  ultraso¬ 
nic  vibration  in  the  radial  direction  at  a  radial 
mode  resonance  frequency.  The  two  identical 
metal  end  caps  on  both  sides  of  the  ring, 
bonded  after  shifting  45°  with  each  other,  trans¬ 
fer  the  radial  vibration  into  longitudinal  and 
tangential  vibrations.  The  combination  of  these 
vibrations  (longitudinal  and  tangential)  gener¬ 
ates  rotation  due  to  the  frictional  interaction 
between  the  center  part  of  the  top  end  cap  and 
the  periphery  of  the  rotor. 

The  principle  of  the  motor  is  as  follows. 
When  the  piezoelectric  ring  vibrates  in  the  ra¬ 
dial  direction,  the  metal  end  caps,  bonded  to  the 
outside  circumference  of  the  ring,  will  also 
move  together  with  the  piezoelectric  ring.  The 
legs  connecting  the  outer  to  the  center  part  of 


the  end  caps  make  the  latter  deformed  not  only 
in  the  tangential  but  also  in  the  longitudinal 
direction.  Referring  now  to  Figure  9(b),  the 
displacement  top  and  cross-sectional  view  of 
the  stator,  a  poled  and  electroded  piezoelectric 
single  ring  was  bonded  with  two  metal  end_caps. 
The  metal  end  caps  were  cut  by  electrical  dis¬ 
charge  machining  (EDM).  Before  the  metal  end 
caps  were  bonded  using  adhesive  epoxy  to  the 
piezoelectric  ring,  the  center  parts  of  the  end 
caps  were  indented  from  the  rest  of  the  body. 
The  purposes  of  the  indent  were:  (i)  to  hold  the 
rotor  at  the  center  of  the  stator  and  (ii)  to 
provide  a  contact  surface  between  the  periphery 
of  rotor  and  the  indented  surface  of  the  top  end 
cap.  The  last  step  before  mounting  the  motor 
was  to  join  the  stator  to  a  metal  base  or  to  the 
bottom  of  the  housing  unit  that  had  acoustic 
impedance  different  from  the  end  cap  material. 

Later  this  motor  structure  was  modified  and 
it  was  fabricated  to  be  as  small  as  3.0  mm  in 
diameter  (Koc  et  al ,  1998a,  1998b).  A  uni¬ 
formly  electroded  piezoelectric  ring  bonded  to 
a  metal  ring  was  used  as  the  stator  of  the  motor. 
Four  inward  arms  at  the  inner  circumference  of 
the  metal  ring  transfer  radial  displacements  into 
tangential  displacements.  The  rotor  ends  in  a 
truncated  cone  shape  and  touches  the  tips  of 
the  arms.  A  rotation  takes  place  by  exciting 
coupled  modes  of  the  stator  element,  such  as 
a  radial  mode  and  a  second  bending  mode  of 
the  arms. 


6.34.23.2  Multielement  vibrators  exciting 
single-mode  vibrations 

In  this  type  of  motor,  superimposing  two 
orthogonal  single-mode  vibrations  with  a 
phase  shift  generates  elliptical  motion.  Either 
actuators,  shown  in  Figure  10  (Mori  et  al 
1988),  or  vibrations  generated  by  actuators,  as 
shown  in  Figure  11  (Nakamura  et  al  1991),  are 
oriented  orthogonally.  The  motor  designed  by 
Claeyssen  et  al  (1996)  uses  two  longitudinal 
multilayer  actuators  that  are  placed  oppositely 
but  the  vibration  generated  by  the  actuators 
were  superimposed  on  a  vibration  coupler. 


6.34.2.4  Mode  Rotation  (Stepper)  Type 
Motors 

These  types  of  motors  are  based  on  the  phe¬ 
nomenon  that  an  object  on  a  vibrating  body 
moves  to  the  nodal  point  of  the  vibration  and 
rests  there.  The  use  of  circular  structures  (i.e., 
ring,  disk,  or  cylinder)  as  a  stator  element  sim¬ 
plifies  the  motor  structure.  The  nodal  point  on 
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Figure  10  Piezoelectric  motor  with  two  longitudi¬ 
nal  vibrators  with  a  temporal  phase  shift  (after 
Mori  et  al  1988). 


Rotor 


Figure  11  Hybrid  transducer  type  ultrasonic  mo¬ 
tor.  Torsional  and  longitudinal  vibration  with  a 
temporal  phase  shift  generate  an  elliptical  motion  at 
the  interface  of  stator  and  rotor  (after  Nakamura 
et  al  1991). 

a  circular  stator  element  can  be  generated  by 
exciting  a  group  of  electrodes  which  are  shifted 
one  after  another  on  the  circular  structure. 
Typical  examples  of  these  types  of  motors  are 
discussed  in  papers  by  Nakamura  et  al  (1997) 
who  used  flexural  modes  of  a  ring  (Figure  12), 
Lamberti  et  al  (1996)  who  used  flexural  modes 
of  a  disk  (Figure  13),  and  Morita  et  al  (1996), 
who  used  the  bending  vibration  of  a  cylinder 


Figure  12  Operating  principle  of  mode  rotation 
type  ultrasonic  motor  (after  Nakamura  et  al,  1997). 


Figure  13  Mode  rotation  type  ultrasonic  motor 
using  thin  disk  structure  (after  Lamberti  et  al,  1998). 

(Figure  14).  When  the  number  of  segmented 
electrode  on  the  piezoelectric  piece  are  set  to 
four,  driving  conditions  of  a  mode  rotation  type 
motor  becomes  identical  to  a  traveling  wave 
type. 


6.34.3  PIEZOELECTRIC  ELEMENTS 
USED  IN  STATOR  VIBRATOR 

Circular  and  rectangular  shapes  are  the  most 
common  forms  of  vibratory  pieces  used  as  sta¬ 
tors  for  piezoelectric  ultrasonic  motors 
(Figure  15).  Depending  on  the  electrode  con¬ 
figuration  and  poling  direction  of  piezoelectric 
element,  different  vibrations  such  as  longitudi¬ 
nal,  transverse,  or  torsional  can  be  generated. 
The  shape  of  elements  and  type  of  vibrations  on 
a  piezoelectric  vibrator  used  for  stators  are 
tabulated  in  Table  2. 
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Figure  14  Mode  rotation  type  ultrasonic  motor 
using  circular  cylinder  structure  (after  Morita  et  al. 
1996). 


(a)  (b) 

Figure  15  Shape  of  piezoelectric  element  used  in 
stator:  (a)  circular,  (b)  rectangular. 

6.34.4  RELIABILITY  OF 

PIEZOELECTRIC  ULTRASONIC 
MOTORS 

Although  piezoelectric  ultrasonic  motors 
have  been  investigated  for  quite  some  time, 
these  motors  still  have  some  fundamental  pro¬ 
blems  which  need  to  be  solved  before  using 
these  motors  as  high-performance  actuators. 
The  fundamental  problems  are: 


Table  2  Shape  and  type  of  vibrations  on  piezo¬ 
electric  elements  used  in  a  stator  vibrator. 


Shape  of  piezoelectric  element 

Type  of  vibration 

Circular 

Disk 

Radial 

Flexural 

Ring 

Radial 

Shear/torsional 

Flexural 

Cylinder 

Bending 

Shear/torsional 

Longitudinal 

Rectangular 

Plate 

Bending 

Shear/torsional 

Longitudinal 

Transverse 

Bar 

Bending 

Shear/torsional 

Longitudinal 

Rod 

Bending 

Shear/torsional 

Longitudinal 

(i)  Resonance  drive  causes  a  temperature  rise 
in  the  piezoelectric  ceramic  material,  and 
motor. 

(ii)  Rotor  and  stator  contact  determine  the 
performance  and  lifetime  of  a  motor. 

(iii)  Friction  and  wear  limit  force  transfor¬ 
mation  from  the  composite  stator  element  to 
the  rotor  or  slider.  Selection  of  frictional  mate¬ 
rials  with  high  wear  resistance  and  stable 
mechanical  properties  is  very  important. 

(iv)  High  frequency,  high  voltage  drive 
requires  expensive  and  bulky  power  supplies. 


6.34.4.1  Heat  Generation 

Piezoelectric  ultrasonic  motors  are  resonant 
devices.  The  piezoelectric  ceramic  material  used 
in  a  stator  element  is  subjected  to  intense  vibra¬ 
tion  at  a  resonance  frequency  in  order  to  obtain 
the  necessary  displacement  to  push  the  rotor  or 
slider.  Lead  zirconate  titanate  (PZT)  based 
piezoelectric  ceramics  are  most  commonly 
used  in  a  motor’s  stator.  However,  under 
continuous  driving,  the  mechanical  quality  fac¬ 
tor  Qm  decreases  (which  means  vibration  velo¬ 
city  saturation)  when  the  stator  transducer  is 
operated  under  a  high  vibration  level.  Under 
such  a  high  vibration  level  operation,  when  the 
applied  electric  power  is  further  increased,  the 
vibration  amplitude/ velocity  does  not  increase, 
but  the  temperature  rises.  The  piezoelectric  ma¬ 
terial  used  in  a  motor’s  stator  or  transformer 
needs  to  have  the  following  features:  high 
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piezoelectric  coupling  constant  ( ky ),  high  me¬ 
chanical  quality  factor  ( Qm ),  and  low  loss  factor 
(tan  5). 


6.34.4.2  Contact  Mechanics 

The  contact  mechanics  of  piezoelectric  ultra¬ 
sonic  motors  not  only  determines  motor  per¬ 
formance  such  as  rotational  speed,  output 
torque,  power,  and  efficiency,  it  also  determines 
the  lifetime  of  these  motors.  Therefore,  the 
mathematical  modeling  of  contact  mechanics 
is  an  important  topic  and  much  research  has 
been  done  especially  in  the  1980s  and  1990s 
(Fleischer  et  al.,  1989a,  1989b;  Ragulskis  et  al., 
1988;  Flynn,  1995,  Maeno  et  al.,  1992a,  1992b). 
A  more  comprehensive  overview  of  the  contact 
mechanics  of  piezoelectric  ultrasonic  motors 
can  be  found  in  Wallaschek  (1998). 


6.34.4.3  Frictional  Materials 

Since  force  transformation  from  the  compo¬ 
site  stator  element  to  the  rotor  or  slider  of  a 
piezoelectric  ultrasonic  motor  is  determined  by 
friction  at  the  interface  of  the  rotor  and  the 
stator,  frictional  materials  are  very  important  in 
the  design  of  piezoelectric  motors.  Good  fric¬ 
tional  materials  for  piezoelectric  ultrasonic  mo¬ 
tors  need  to  have  a  high  wear  resistance  and 
stable  mechanical  properties  with  respect  to 
temperature  and  other  environmental  changes. 
Experimentally,  different  polymer  blends  have 
been  tested  and  the  most  detailed  discussion  on 
this  subject  is  given  by  Ueha  and  Tomikawa 
(1993).  High-ranking  materials  include  PTFE 
(polytetrafluoroethylene),  PPS  (Ryton),  PBT 
(polybutylterephthalate),  and  PEEK  (polyethy- 
lethylketone)  (Ishii  et  al.,  1995).  In  practical 
motors,  Econol  (Sumitomo  Chemical),  carbon 
fiber  reinforced  plastic  (Japan  Carbon),  PPS 
(Sumitomo  Bakelite),  and  polyimide  have  po¬ 
pularly  been  used.  Ishii  et  al.  (1995)  investi¬ 
gated  the  wear  properties  of  a  carbon  fiber 
reinforced  plastic  frictional  material. 


6.34.4.4  Drive  Control  Techniques 

Basic  control  parameters  are  the  amplitude, 
frequency,  and  phase  of  the  a.c.  drive  signal. 
The  dynamic  and  steady-state  mathematical 
modeling  of  piezoelectric  ultrasonic  motors  is 
extremely  difficult  from  a  theoretical  point  of 
view  because  it  contains  many  complicated  and 
nonlinear  characteristics  dependent  on  operat¬ 
ing  temperature,  load  torque,  applied  voltage, 


and  static  pressure  force  between  the  stator  and 
the  rotor  of  the  motor.  Therefore,  some  modern 
control  techniques  such  as  the  predictive-base 
self-tuning  control  system  (Snitka  et  al.,  1996) 
or  adaptive  fuzzy/neural  network  control  tech¬ 
niques  (Izuno  et  al.,  1992;  Lin  et  al.,  1999)  have 
been  applied  to  control  piezoelectric-ultrasonic 
motors  and  excellent  performance  has  been 
obtained. 


6.34.5  APPLICATIONS  OF 

PIEZOELECTRIC  ULTRASONIC 
MOTORS 

Piezoelectric  ultrasonic  motors  are  of  in¬ 
creasing  interest  in  high-tech  industry.  High 
torque,  light  weight,  no  electromagnetic  induc¬ 
tion  interference,  high  efficiency,  and  low-speed 
operation  without  a  gear  mechanism  are  some 
of  the  attractive  characteristics  which  motivate 
the  study  of  these  motors.  With  these  charac¬ 
teristics,  ultrasonic  motors  have  been  used  in 
various  industrial  applications  such  as  drives 
for  autofocusing  camera  lenses.  They  also  have 
potential  for  other  applications. 


6.34.5.1  Actuators  for  Consumer  Goods 

Ultrasonic  motors  have  been  commercialized 
for  drive  mechanisms  in  camera  autofocus 
lenses  and  computer-related  equipment  such 
as  disk  drives.  They  are  also  used  in  applica¬ 
tions  where  a  large  number  of  motors  are  in¬ 
corporated  but  only  few  are  used  regularly  and 
the  rest  occasionally. 


6.34.5.2  Actuators  for  Precise  Positioning 
Devices 

Piezoelectric  motors  are  used  in  rapid-posi¬ 
tioning  devices  with  accuracy  of  the  order  of 
nanometers.  An  important  application  includes 
semiconductor  production.  Inevitable  backlash 
due  to  the  use  of  a  gear  transmission  system 
makes  it  difficult  to  achieve  high  accuracy  with 
electromagnetic  motors. 


6.34.5.3  Actuators  for  Miniaturized  Machines 

Electromagnetic  motors  cannot  be  miniatur¬ 
ized  because  of  saturation  of  the  magnetic  cir¬ 
cuit  and  the  number  of  windings  required.  The 
smallest  electromagnetic  motor  is  several  milli¬ 
meters  in  diameter  (Stefanini  et  al.,  1996). 
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6.34.5.4  Actuators  for  Machines  Used  in  Space 

Efficient  miniature  actuators  that  are  com¬ 
pact  and  consume  low  power  are  needed  to 
drive  telerobotic  devices  and  outer  space  mech¬ 
anisms  for  future  NASA  missions  (Bar-Cohen 
et  a/.^1998).  Actuators  for  space  mechanisms 
need  to  be  small,  light,  and  energy  efficient. 
Actuators  meeting  the  aforementioned  require¬ 
ments  can  be  used  for  telerobotic  devices  that 
include  robotic  arms,  rovers,  release  mech¬ 
anisms,  antenna  and  instrument  deployment 
mechanisms,  positioning  devices  and  aperture 
opening  and  closing  devices.  Piezoelectric  ultra¬ 
sonic  motors  have  the  potential  to  meet  these 
NASA  requirements. 


6.34.5.5  Actuators  for  Medical  Uses 

Piezoelectric  motors  can  also  be  used  for 
intravascular  ecographic  systems.  In  addition 
to  being  small  (2-3  mm  in  diameter),  the  motor 
must  be  disposable  and  the  price  should  be  low. 
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Abstract 

This  paper  reviews  recent  developments  of  compact  ultrasonic  motors  using 
piezoelectric  resonant  vibrations.  Following  the  historical  background,  ultrasonic 
motors  using  the  standing  and  travelling  waves  are  introduced.  Driving  principles  and 
motor  characteristics  are  explained  in  comparison  with  the  conventional 
electromagnetic  motors. 


1.  Introduction 

In  office  equipment  such  as  printers  and  floppy  disk  drives,  market  research  indicates 

that  tiny  motors  smaller  than  1  cm^  would  be  in  large  demand  over  the  next  ten  years. 
However,  using  the  conventional  electromagnetic  motor  structure,  it  is  rather  difficult  to 
produce  a  motor  with  sufficient  energy  efficiency.  Piezoelectric  ultrasonic  motors, 
whose  efficiency  is  insensitive  to  size,  are  superior  in  the  mm-size  motor  area. 

In  general,  piezoelectric  and  electrostrictive  actuators  are  classified  into  two  categories, 
based  on  the  type  of  driving  voltage  applied  to  the  device  and  the  nature  of  the  strain 
induced  by  the  voltage:  (1)  rigid  displacement  devices  for  which  the  strain  is  induced 
unidirectionally  along  an  applied  dc  field  (servo  displacement  transducers  and  pulse 
drive  motors),  and  (2)  resonating  displacement  devices  for  which  the  alternating  strain 
is  excited  by  an  ac  field  at  the  mechanical  resonance  frequency  (ultrasonic  motors). 
The  AC  resonant  displacement  is  not  directly  proportional  to  the  applied  voltage,  but  is, 
instead,  dependent  on  adjustment  of  the  drive  frequency.  Although  the  positioning 
accuracy  is  not  as  high  as  that  of  the  rigid  displacement  devices,  very  high  speed  motion 
due  to  the  high  frequency  is  an  attractive  feature  of  the  ultrasonic  motors. 

The  materials  requirements  for  these  classes  of  devices  are  somewhat  different,  and 
certain  compounds  will  be  better  suited  for  particular  applications.  The  servo- 
displacement  transducer  suffers  most  from  strain  hysteresis  and,  therefore,  a  PMN 
electrostrictor  is  preferred  for  this  application.  The  pulse-drive  motor  requires  a  low 
permittivity  material  aiming  at  quick  response  with  a  limited  power  supply  rather  than  a 
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small  hysteresis,  so  that  soft  PZT  piezoelectrics  are  preferred  to  the  high-permittivity 
PMN  for  this  application.  On  the  contrary,  the  ultrasonic  motor  requires  a  very  hard 
piezoelectric  with  a  high  mechanical  quality  factor  Qm,  in  order  to  minimize  heat 
generation  and  maximize  displacement.  Note  that  the  resonance  displacement  is  equal 
to  ccdEL,  where  d  is  a  piezoelectric  constant,  E,  applied  electric  field,  L,  sample  length 
and  a*  is  an  amplification  factor  proportional  to  the  mechanical  Q. 

This  paper  deals  with  ultrasonic  motors  using  resonant  vibrations,  putting  a  particular 
focus  on  miniaturized  motors.  Following  the  historical  background,  various  ultrasonic 
motors  are  introduced.  Driving  principles  and  motor  characteristics  are  explained  in 
comparison  with  the  conventional  electromagnetic  motors. 


2.  Classification  of  ultrasonic  motors 

2.1  HISTORICAL  BACKGROUND 

Electromagnetic  motors  were  invented  more  than  a  hundred  years  ago.  While  these 
motors  still  dominate  the  industry,  a  drastic  improvement  cannot  be  expected  except 
through  new  discoveries  in  magnetic  or  superconducting  materials.  Regarding 
conventional  electromagnetic  motors,  tiny  motors  smaller  than  1cm  long  are  rather 
difficult  to  produce  with  sufficient  energy  efficiency.  Therefore,  a  new  class  of  motors 
using  high  power  ultrasonic  energy,  ultrasonic  motor,  is  gaining  wide  spread  attention. 
Ultrasonic  motors  made  with  piezoceramics  whose  efficiency  is  insensitive  to  size  are 
superior  in  the  mini-motor  area.  Figure  1  shows  the  basic  construction  of  an  ultrasonic 
motor,  which  consists  of  a  high-frequency  power  supply,  a  vibrator  and  a  slider. 
Further,  the  vibrator  is  composed  of  a  piezoelectric  driving  component  and  an  elastic 
vibratory  part,  and  the  slider  is  composed  of  an  elastic  moving  part  and  a  friction  coat. 

Though  there  had  been  some  earlier  attempts,  the  practical  ultrasonic  motor  was 
proposed  firstly  by  H.  V.  Barth  of  IBM  in  1973  [1].  A  rotor  was  pressed  against  two 
horns  placed  at  different  locations.  By  exciting  one  of  the  horns,  the  rotor  was  driven  in 
one  direction,  and  by  exciting  the  other  horn,  the  rotation  direction  was  reversed. 
Various  mechanisms  based  on  virtually  the  same  principle  were  proposed  by  V.  V. 
Lavrinenko  [2]  and  P.  E.  Vasiliev  [3]  in  the  former  USSR.  Because  of  difficulty  in 
maintaining  a  constant  vibration  amplitude  with  temperature  rise,  wear  and  tear,  the 
motors  were  not  of  much  practical  use  at  that  time.  In  1980's,  with  increasing  chip 
pattern  density,  the  semiconductor  industry  began  to  request  much  more  precise  and 
sophisticated  positioners  which  do  not  generate  magnetic  field  noise.  This  urgent 
request  has  accelerated  the  developments  in  ultrasonic  motors.  Another  advantage  of 
ultrasonic  motors  over  the  conventional  electromagnetic  motors  with  expensive  copper 
coils,  is  the  improved  availability  of  piezoelectric  ceramics  at  reasonable  cost. 
Japanese  manufacturers  are  producing  piezoelectric  buzzers  around  30  -  40  cent  price 
range  at  the  moment. 
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Figure  1.  Fundamental  construction  of  ultrasonic  motors. 
Let  us  summarize  the  merits  and  demerits  of  the  ultrasonic  motors: 


Merits 

1 .  Low  speed  and  high  torque  —  Direct  drive 

2.  Quick  response,  wide  velocity  range,  hard  brake  and  no  backlash 

—  Excellent  controllability 
—  Fine  position  resolution 

3 .  High  power  /  weight  ratio  and  high  efficiency 

4.  Quiet  drive 

5.  Compact  size  and  light  weight 

6.  Simple  structure  and  easy  production  process 

7.  Negligible  effect  from  external  magnetic  or  radioactive  fields, 
and  also  no  generation  of  these  fields 

Demerits 

8.  Necessity  for  a  high  frequency  power  supply 

9.  Less  durability  due  to  frictional  drive 

10.  Drooping  torque  vs.  speed  characteristics _ _ _ 

2.2  CLASSIFICATION  AND  PRINCIPLES  OF  ULTRASONIC  MOTORS 

From  a  customer's  point  of  view,  there  are  rotary  and  linear  type  motors.  If  we 
categorize  them  from  the  vibrator  shape,  there  are  rod  type,  shaped,  ring  (square)  and 
cylinder  types.  Two  categories  are  being  investigated  for  ultrasonic  motors  from  a 
vibration  characteristic  viewpoint:  a  standing-wave  type  and  a  travelling-wave  type. 
The  standing  wave  is  expressed  by 
Us(x,t)  =  A  cos  kx  •  cos  cot, 
while  the  propagating  wave  is  expressed  as 


(1) 
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Up(x,t)  =  A  cos (kx  -  cot).  (2) 

Using  a  trigonometric  relation,  Eq.  (2)  can  be  transformed  as 

Up(x,t)  =  A  cos  kx  -cos  cot  +  A  cos  (kx-7t/2)-cos  ((ot-n/2).  (3) 

This  leads  to  an  important  result,  i.  e.  a  propagating  wave  can  be  generated  by 
superimposing  two  standing  waves  whose  phases  differ  by  90  degree  to  each  other  both 
in  time  and  in  space.  This  principle  is  necessary  to  generate  a  propagating  wave  on  a 
limited  volume/size  substance,  because  only  standing  waves  can  be  excited  stably  in  a 
finite  size. 

The  standing-wave  type  is  sometimes  referred  to  as  a  vibratory-coupler  type  or  a 
"woodpecker"  type,  where  a  vibratory  piece  is  connected  to  a  piezoelectric  driver  and 
the  tip  portion  generates  flat-elliptical  movement  Figure  2  shows  a  simple  model 
proposed  by  T.  Sashida  [4].  A  vibratory  piece  is  connected  to  a  piezoelectric  driver 
and  the  tip  portion  generates  flat-elliptical  movement.  Attached  to  a  rotor  or  a  slider, 
the  vibratory  piece  provides  intermittent  rotational  torque  or  thrust.  The  standing-wave 
type  has,  in  general,  high  efficiency,  but  lack  of  control  in  both  clockwise  and 
counterclockwise  directions  is  a  problem. 


Figure  2.  Vibratory  coupler  type  motor.  Figure  3.  Principle  of  the  propagating 

wave  type  motor. 

By  comparison,  the  propagating-wave  type  (a  surface-wave  or  "surfing"  type)  combines 
two  standing  waves  with  a  90  degree  phase  difference  both  in  time  and  in  space.  The 
principle  is  shown  in  Fig.  3.  A  surface  particle  of  the  elastic  body  draws  an  elliptical 
locus  due  to  the  coupling  of  longitudinal  and  transverse  waves.  This  type  requires,  in 
general,  two  vibration  sources  to  generate  one  propagating  wave,  leading  to  low 
efficiency  (not  more  than  50  %),  but  it  is  controllable  in  both  the  rotational  directions. 
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3.  Conventional  motor  designs 

3.1  SASHIDA  MOTOR 

Figure  4  shows  the  famous  Sashida  motor  [5].  By  means  of  the  travelling  elastic  wave 
induced  by  a  thin  piezoelectric  ring,  a  ring-type  slider  in  contact  with  the  "rippled" 
surface  of  the  elastic  body  bonded  onto  the  piezoelectric  is  driven  in  both  directions  by 
exchanging  the  sine  and  cosine  voltage  inputs.  Another  advantage  is  its  thin  design, 
which  makes  it  suitable  for  installation  in  cameras  as  an  automatic  focusing  device. 
Eighty  percent  of  the  exchange  lenses  in  Canon's  "EOS"  camera  series  have  already 
been  replaced  by  the  ultrasonic  motor  mechanism.  Most  of  the  studies  on  ultrasonic 
motors  done  in  die  US  and  Japan  have  been  modifications  of  Sashida's  type. 

The  PZT  piezoelectric  ring  is  divided  into  16  positively  and  negatively  poled  regions 
and  two  asymmetric  electrode  gap  regions  so  as  to  generate  a  9th  mode  propagating 
wave  at  44  kHz.  A  proto-type  was  composed  of  a  brass  ring  of  60  mm  in  outer 
diameter,  45  mm  in  inner  diameter  and  2.5  mm  in  thickness,  bonded  onto  a  PZT 
ceramic  ring  of  0.5  mm  in  thickness  with  divided  electrodes  on  the  back-side.  The  rotor 
was  made  of  polymer  coated  with  hard  rubber  or  polyurethane.  Figure  5  shows 
Sashida's  motor  characteristics. 

Canon  utilized  the  "surfing"  motor  for  a  camera  automatic  focusing  mechanism, 
installing  the  ring  motor  compactly  in  the  lens  frame.  It  is  noteworthy  that  the  stator 
elastic  ring  has  many  teeth,  which  can  magnify  the  transverse  elliptical  displacement 
and  improve  the  speed.  The  lens  position  can  be  shifted  back  and  forth  through  a  screw 
mechanism.  The  advantages  of  this  motor  over  the  conventional  electromagnetic  motor 
are: 

Silent  drive  due  to  the  ultrasonic  frequency  drive  and  no  gear  mechanism  (i.  e.  more 
suitable  to  video  cameras  with  microphones). 

Thin  motor  design  and  no  speed  reduction  mechanism  such  as  gears,  leading  to  space 
saving. 

Energy  saving. 

A  general  problem  encountered  in  these  travelling  wave  type  motors  is  the  support  of 
the  stator.  In  the  case  of  a  standing  wave  motor,  the  nodal  points  or  lines  are  generally 
supported;  this  causes  minimum  effects  on  the  resonance  vibration.  To  the  contrary,  a 
travelling  wave  does  not  have  such  steady  nodal  points  or  lines.  Thus,  special 
considerations  are  necessary.  In  Fig.  4,  the  stator  is  basically  fixed  vety  gently  along 
the  axial  direction  through  felt  so  as  not  to  suppress  the  bending  vibration.  It  is 
important  to  note  that  the  stop  pins  which  latch  onto  the  stator  teeth  only  provide  high 
rigidity  against  the  rotation. 

3.2  INCHWORM  DEVICES 

Although  the  motion  principle  is  different,  inchworm  devices  move  fast  in  apparent 
similarity  to  ultrasonic  motors.  The  inchworm  is  driven  by  a  rectangular  wave  below 
the  resonance  frequency,  and  moves  intermittently  and  discretely.  Sophisticated  linear 
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Figure  4.  Stator  structure  of  Sashida’s  motor. 


Figure  5 .  Motor  characteristics  of  Sashida's  motor. 

walking  machines  have  been  developed  by  two  German  companies.  Philips  fabricated  a 
linear  drive  inchworm  using  two  d33  (longitudinal  mode)  and  two  d3i  (transverse 
mode)  multilayer  actuators  (Fig.  6)  [6],  Very  precise  positioning  of  less  than  1  nm  was 
reported.  The  problems  with  this  type  of  device  are:  (1)  audible  noise,  and  (2)  heat 
generation,  when  driven  at  high  frequency.  Physik  Instrumente  manufactured  a  two-leg 
inchworm  [7]. 

A  pair  of  inchworm  units  consisting  of  two  multilayer  actuators,  are  coupled  with  90° 
phase  difference  in  time  so  as  to  produce  a  smooth  motion  instead  of  a  discrete  step 
motion. 
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4.  Compact  motor  designs 
4.1  TRAVELING  WAVE  TYPES 

Using  basically  the  same  principle  as  Sashida's,  Seiko  Instruments  miniaturized  the 
ultrasonic  motor  to  as  tiny  as  10  mm  in  diameter  [8].  Figure  7  shows  the  construcion  of 
this  small  motor  with  10  mm  diameter  and  4.5  mm  thickness.  A  driving  voltage  of  3  V 

and  a  current  60  mA  provides  6000  rev/min  (no-load)  with  torque  of  0.1  mNm  Seiko 
installed  this  tiny  motor  into  a  wrist  watch  as  a  silent  alarm.  Rotating  an  imbalanced 
mass  provides  enough  hand  shake  to  a  human  without  generating  audible  noise. 
AlliedSignal  developed  ultrasonic  motors  similar  to  Shinsei's,  which  would  be  utilized 
as  mechanical  switches  for  launching  missiles  [9]. 

SPRING  FOR 


Figure  7.  Construction  of  Seiko's  motor. 


A  significant  problem  in  miniaturizing  this  sort  of  travelling  wave  motor  can  be  found 
in  the  ceramic  manufacturing  process;  without  providing  a  sufficient  buffer  gap  between 
the  adjacent  electrodes,  the  electrical  poling  process  (upward  and  downward)  easily 
initiates  the  crack  on  the  electrode  gap  due  to  the  residual  stress  concentration.  This 
may  restrict  the  further  miniaturization  of  the  traveling  wave  type  motors.  To  the 
contrary,  standing  wave  type  motors,  the  structure  of  which  is  less  complicated,  are 
more  suitable  for  miniaturization  as  we  discuss  in  the  following.  They  require  only  one 
uniformly  poled  piezo-element,  less  electric  lead  wires  and  one  power  supply. 

4.2  STANDING  WAVE  TYPES 

4.2.1  Linear  motors 

Uchino  et  al.  invented  a  -shaped  linear  motor  [10].  This  linear  motor  is  equipped  with  a 
multilayer  piezoelectric  actuator  and  fork-shaped  metallic  legs  as  shown  in  Fig.  8. 
Since  there  is  a  slight  difference  in  the  mechanical  resonance  frequency  between  the 
two  legs,  the  phase  difference  between  the  bending  vibrations  of  both  legs  can  be 
controlled  by  changing  the  drive  frequency.  The  walking  slider  moves  in  a  way  similar 

to  a  horse  using  its  fore  and  hind  legs  when  trotting.  A  test  motor  20  x  20  x  5  mm3  ^ 
dimension  exhibited  a  maximum  speed  of  30  cm/s  and  a  maximum  thrust  of  0.9  kgf 
with  a  maximum  efficiency  of  20%,  when  driven  at  98  kHz  at  6V  (actual  power  =  0  7 
W).  This  motor  has  been  employed  in  a  precision  X-Y  stage. 

(•) 


Figure  8.  Tt-shaped  linear  ultrasonic  motor,  (a)  construction  and  (b)  walking  principle.  Note  the  90  degree 

phase  difference  like  human  walk. 

We  further  miniaturized  this  "Shepherd"  shape  by  1/10  into  a  "Dachshund"  shape  by 
reducing  the  leg  length  (Fig.  9)  [11].  According  to  this  miniaturization,  we  utilized  a 
unimorph  type  drive  mechanism  in  conjunction  with  a  coupling  mode  between  1st 
longitudinal  and  4th  bending  modes.  Under  100  Vp_p  applied  (0.6  W),  this  linear 
motor  exhibited  the  maximum  speed  of  160  mm/sec  and  the  thrust  of  0.25  - 1 .00  N. 
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One  ceramic  multilayer  component  actuator  was  proposed  by  Mitsui  Chemical  [12]. 
Figure  10  shows  the  electrode  pattern.  Only  by  the  external  connection,  a  combined 
vibration  of  the  longitudinal  Lj  and  bending  B2  modes  could  be  excited. 


Figure  9.  Miniature  ultrasonic  linear  motor. 


Figure  10.  Multilayer  ceramic  simple  linear  motor  (Mitsui  Chemical). 

4. 2. 2  Rotary  motors 

Hitachi  Maxel  significantly  improved  the  torque  and  efficiency  by  using  a  torsional 
coupler,  and  by  the  increasing  pressing  force  with  a  bolt  [13].  The  torsional  coupler 
looks  like  an  old  fashioned  TV  channel  knob,  consisting  of  two  legs  which  transform 
longitudinal  vibration  generated  by  the  Langevin  vibrator  to  a  bending  mode  of  the 
knob  disk,  and  a  vibratory  extruder.  Notice  that  this  extruder  is  aligned  with  a  certain 
cant  angle  to  the  legs,  which  transforms  the  bending  to  a  torsion  vibration.  This 
transverse  moment  coupled  with  the  bending  up-down  motion  leads  to  an  elliptical 
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rotation  on  the  tip  portion.  A  motor  with  30mm  x  60mm  in  size  and  20  -  30°  in  cant 

angle  between  a  leg  and  a  vibratory  piece  provided  the  torque  as  high  as  1.3  N-m  and 
the  efficiency  of  80%.  However,  this  type  provides  only  unidirectional  rotation. 

The  Penn  State  University  has  developed  a  compact  ultrasonic  rotory  motor  as  tiny  as  3 
mm  in  diameter.  As  shown  in  Fig.  11,  the  stator  consists  basically  of  a  piezoelectric 
ring  and  two  concave/convex  metal  endcaps  with  "windmill"  shaped  slots  bonded 
together,  so  as  to  generate  a  coupled  vibration  of  up-down  and  torsional  type  [14]. 
Since  the  component  number  and  the  fabrication  process  were  minimized,  the 
fabrication  price  would  be  decreased  remarkably,  and  it  would  be  adaptive  to  the 
disposable  usage.  When  driven  at  160  kHz,  die  maximum  revolution  2000ipm  and  the 

maximum  torque  0.8mN-m  were  obtained  for  a  5  mm0  motor.  Notice  that  even  the 
drive  of  the  motor  is  intermittent,  the  output  rotation  becomes  very  smooth  because  of 
the  inertia  of  die  rotor.  Figure  12  shows  motor  characteristics  plotted  as  a  function  of 
motor  size  for  modified  "windmill"  motors  [15]. 


Rotor 


Piezoelectric  Ring 


Figure  1 1.  "Windmill"  motor  with  a  disk-shaped  torsional  coupler. 


5.  Integrated  motor  designs 

We  will  introduce  an  ultrasonic  motor  fabricated  on  a  Si  substrate,  jointly  developed  by 
MIT  and  Penn  State  [16].  After  coating  a  PZT  thin  film  on  a  Si  membrane  (2.2mm  x 
2.2mm),  an  8-pole  stator  (1.2mm  and  2.0mm  inner  and  outer,  diameters)  was  patterned 
on  the  surface  electrode.  The  8  segmented  electrode  pads  were  driven  in  a  four  phase 
sequence  repeated  twice.  A  small  contact  glass  lens  was  used  as  a  rotor.  This  simple 

structure  provided  already  10^  time  higher  torque  than  the  conventional  electrostactic 
MEMS  motors.  Another  intriguing  surface  acoustic  wave  motor  has  been  proposed  by 
Kurosawa  and  Higuchi  [17].  Rayleigh  waves  were  excited  in  two  crossed  directions  on 

a  127.8°-rotation  Y-LiNbC>3  plate  with  two  pairs  of  interdigital  electrode  patterns.  A 
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Figure  12.  Radial  mode  resonance  frequency,  no-load  speed  and  starting  torque  vs.  diameter  of  the  stator. 

Speed  and  torque  were  measured  at  1 5.7  V. 

A  slider  was  composed  of  three  balls  as  legs.  The  driving  vibration  amplitude  and  the 
wave  velocity  of  die  Rayleigh  waves  were  adjusted  to  6.1  nm  and  22  cm/sec  for  both  x 
and  y  directions. 

It  is  important  to  note  that  even  though  die  up-down  vibrational  amplitude  is  much 
smaller  (<  1/10)  than  the  surface  roughness  of  the  LiNbC>3,  the  slider  was  transferred 
smoothly.  The  mechanism  has  not  been  clarified  yet,  it  might  be  due  to  the  locally 
enhanced  friction  force  through  a  ball-point  contact. 


6.  Summary 

Ultrasonic  motors  are  characterized  by  "low  speed  and  high  torque,"  which  are 
contrasted  with  "high  speed  and  low  torque"  of  the  conventional  electromagnetic 
motors.  Thus,  the  ultrasonic  motors  do  not  require  gear -mechanisms,  leading  to  very 
quiet  operation  and  space  saving.  Negligible  effects  from  external  magnetic  or 
radioactive  fields,  and  no  generation  of  these  fields  are  suitable  for  the  application  to 
electron  beam  lithography  etc.  relevant  to  the  semiconductor  technology.  Moreover, 
high  power  /  weight  ratio,  high  efficiency,  compact  size  and  light  weight  are  very 
promising  for  the  future  micro  actuators  adopted  to  catheter  or  tele-surgery. 

For  the  further  applications  of  the  ultrasonic  motors,  systematic  investigations  on  the 
following  issues  will  be  required: 

(1)  development  of  low  loss  &  high  vibration  velocity  piezo-ceramics, 

(2)  piezo-actuator  component  designs  with  high  resistance  to  fracture  and  good 
heat  dissipation, 

(3)  ultrasonic  motor  designs; 

a.  motor  types  (standing-wave  type,  traveling-wave  type,  hybrid  type, 
integrated  type), 

b.  simple  displacement  magnification  mechanisms  of  vibratory  piece 


320 


(horn,  hinge-lever), 
c.  frictional  contact  part, 

(4)  inexpensive  and  efficient  high  frequency/high  power  supplies. 
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Abstract 

The  design,  fabrication  and  application  of  flextensional  composite  transducers  are 
summarized  in  this  study.  The  moonie  and  cymbal  type  flextensional  transducer  consist 
of  a  ceramic  driving  element  sandwiched  between  two  truncated  conical  metal  or  plastic 
endcaps.  These  transducers  can  be  used  as  both  sensors  and  actuators.  Piezoelectric, 
electrostrictive  and  antiferroelectric-ferroelectric  switching  types  of  ceramic  can  be  used 
as  the  driving  element  in  either  single  layer  or  multilayer  form.  In  the  cymbal  and 
moonie  transducer  designs,  the  flexibility  and  durability  of  metals  and  the  driving  power 
of  the  ceramic  element  are  combined. 

Poled  ferroelectric  ceramics  (Curie  groups  oom)  possess  three  independent  piezoelectric 
coefficients:  d3I,  d33,  and  d,5.  Each  of  the  piezoelectric  coefficients  can  be  used  as  the 
driving  element  of  a  composite  cymbal  or  moonie  transducer.  Cymbal  transducers  can 
also  be  fabricated  from  ring  shaped  ceramics  sandwiched  between  truncated  metal 
endcaps.  Polarization  and  electric  field  directions  of  the  samples  can  be  altered 
systematically  to  make  use  of  the  three  different  piezoelectric  coefficients  as  driving 
elements.  The  cymbal  is  a  versatile  performer.  Desired  actuation  and  sensing 
performance  can  be  tailored  by  engineering  the  flexibility  of  the  endcaps  or  changing  the 
cavity  dimensions  beneath  the  endcaps.  Possible  design  changes  can  be  also  investigated 
with  FEM  by  using  computational  tools.  Cymbal  and  moonie  transducers  can  be  used  as 
hydrophones,  acceleration  sensors,  positioners,  and  in  many  other  applications. 

1.  Introduction 

Accentric  materials  show  piezoelectricity,  which  is  defined  as  the  ability  of  developing 
an  electrical  charge  proportional  to  a  mechanical  stress.  The  piezoelectric  response  may 
be  either  direct  or  converse.  For  the  direct  piezoelectric  response,  the  electrical 
displacement  is  proportional  to  the  stress  applied  to  the  material.  In  the  converse  effect, 
material  strain  is  proportional  to  the  field  applied  across  the  material.  This  quality  of 
piezoelectric  materials  has  led  to  their  use  in  transducers,  which  convert  electrical 
energy  to  mechanical  energy,  and  vice  versa.  These  electromechanical  transducers  have 

357 

C.  Galassi  etal  (eds.),  Piezoelectric  Materials:  Advances  in  Science ;  Technology  and  Applications,  357-374. 
©  2000  Kluwer  Academic  Publishers.  Printed  in  the  Netherlands. 


358 


found  applications  where  they  are  used  in  either  active,  e.g.  ultrasonic  probes,  or  passive 
modes,  e.g.  hydrophones. 

A  number  of  monolithic  materials  exhibit  piezoelectric  behavior.  Ceramics,  polymers 
and  as  well  as  their  composites  belong  to  this  materials  group.  Conflicting  goals  in 
optimizing  physical  and  electromechanical  properties  of  transducers  have  led  the 
researchers  to  look  at  the  composite  materials. 

Superior  properties  have  been  obtained  with  piezocomposites  consisting  of  an  active 
piezoelectric  ceramic  in  an  inactive  polymer.  The  microstructural  arrangement  of 
component  phases  in  the  composite,  sometimes  referred  to  as  connectivity,  is  a  critical 
parameter  for  the  electromechanical  performance  of  the  composite.  For  a  composite 
containing  two  phases,  there  are  sixteen  different  connectivity  patterns.  Over  the  past 
two  decades,  researchers  have  investigated  several  methods  to  process  piezocomposites 
and  improve  their  properties.  The  0-3,  3-1,  and  2-2  connectivities  have  been  worked  on 
extensively.  There  are  several  excellent  review  papers  on  connectivity  patterns  and  the 
processing  techniques  used  to  form  piezocomposites  [1],  [2],  Various  composite  have 
different  applications.  Competition  is  still  going  on  to  determine  the  composite  with  the 
best  electromechanical  performance. 

Second  generation  piezocomposites  include  the  moonie  and  cymbal  with  2-(0)-(2) 
connectivity.  Ceramic-metal  composites  generally  have  a  simple  design  with  metal 
faceplates,  shells  or  caps  that  couple  the  ceramic  to  the  surrounding  medium.  The  metal 
component  transfers  the  incident  stress  to  the  ceramic  or  the  displacement  to  the 
medium.  Flextensional  transducers  are  good  examples  of  ceramic-metal  composites.  In 
flextensional  transducers,  the  flexural  vibration  of  the  metal  shell  causes  an  extensional 
vibration  of  the  piezoelectric  ceramic.  The  moonie  and  cymbal  transducers  possessing 
2-(0)-2  connectivity  are  miniaturized  versions  of  flextensionals.  This  paper  describes  the 
moonie  and  cymbal  type  composite  transducers. 


2.  Principle 

The  moonie  and  cymbal  transducers  consist  of  an  electro-active  ceramic  driving  element 
sandwiched  between  two  metal  endcaps  with  shallow  cavities  on  their  inner  surface. 
Designs  of  the  moonie  and  cymbal  transducers  are  illustrated  graphically  in  Figure  1  and 
Figure  2.  In  the  case  of  the  moonie,  the  cavities  are  in  the  shape  of  a  half  moon,  whereas 
the  cymbal  has  a  truncated  cone-shaped  cavity.  The  presence  of  these  cavities  allows 
the  metal  caps  to  serve  as  mechanical  transformers  for  converting  and  amplifying  a 
portion  of  the  incident  axial-direction  stress  into  tangential  and  radial  stresses  of 
opposite  sign.  Thus,  the  d33  and  d3,  contributions  of  the  PZT  now  add  together  (rather 
then  subtracting)  in  the  effective  d  value  of  a  device,  such  as  a  hydrophone  or 
accelerometer.  Regarding  the  converse  effect,  the  radial  motion  of  the  ceramic  driving 
element  is  transferred  and  amplified  by  the  metal  endcaps  in  axial  direction.  Hence, 
moonie  and  cymbal  can  be  used  as  both  sensors  and  actuators. 
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Figure  1.  Schematic  of  Moonie  Transducer.  Figure  2.  Schematic  Cymbal  Transducer. 


2. 1  FIRST  APPROXIMATION  FOR  THE  CHARGE  CALCULATION  ON  THE 
CYMBAL  AND  MOONIE  TRANSDUCER 

Let  us  assume  that  we  have  a  flextensional  transducer  which  has  cone  shaped  endcaps 
The  charge  created  under  an  applied  stress  on  the  cymbal  transducer  at  uniaxial 
direction  perpendicular  to  the  metal  endcaps  can  be  estimated  as  follows. 

The  force  is  applied  to  the  cone  on  the  summit  and  transferred  to  the  piezoelectric 
ceramic.  The  essential  parameters  for  the  calculation  are  marked  on  Figure  3. 


Ftgure  3.  Front  and  top  view  of  flextensional  tranduser  cone  shaped  endcap 
Where:  h,  cavity  depth;  n,  cavity  radius;  t,  thickness  of  ceramic, 
0  angle  between  cone  and  piezoelectric  ceramic. 
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The  total  force  on  the  entire  circumference  is 

F 

2  tan  0 

and  the  force  per  unit  area  at  r=  ri  is 

fr_  F 

t  4;7r,/tan# 

where  /  is  the  thickness  of  the  ceramic  disk. 


(2) 


(3) 


When  a  force  balance  is  written  and  solved  for  plane  stress  case,  the  following  equation 
is  obtained. 


S,  =  S,  = - - - 

4;^  tan# 


(4) 


The  charge  generation  is  calculated  from, 
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(1) 


a  F 

2t  tan  6 


when  two  endcaps  are  used: 


(2) 


Q  —  ^31 


'1  F 

t  tan  0 


(6) 
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C  =e 
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nrx 
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V  = 


Q 
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Jl _ F_ 

€  wx  tan# 


(8) 


where  is  the  Q  charge;  C,  Capacitance;  V,  voltage,  and  e  the  dielectric  permittivity. 

For  example:  For  a  flextensional  transducer  with  conical  endcap,  which  has  9.0  mm 
cavity  diameter  and  0.2  mm  cavity  depth  and  consisting  of  1.0-mm  thick  PZT-5A 
ceramic  disc  with  153  pC/N  d3i  coefficient,  the  calculated  effective  charge  is  around 
17,500  pC/N 

The  effective  piezoelectric  coefficients  of  moonie  and  cymbal  transducers,  with  a  12.7- 
mm  outer  diameter  and  9.0-mm  cavity  diameter  and  0.2-mm  cavity  depth  consisting  of 
PZT-5A  ceramic,  are  shown  in  Figure  5.  In  moonie  and  cymbal  structure  d3!  and  d33 
coefficients  work  together  (in  general  in  piezoceramics  they  work  always  against  each 
other  due  to  poisson  effect).  This  is  part  of  the  reason  of  high  effective  charge 
coefficient.  The  moonie  shows  highly  position  dependent  behavior  for  the  effective 
piezoelectric  coefficient.  The  cavity  beneath  the  endcap  of  the  moonie  actuator  plays  a 
crucial  role  on  the  characteristics  of  the  moonie  [3].  The  effective  piezoelectric 
equation  coefficient  increases  with  increasing  cavity  diameter  and  cavity  depth.  The  effective 

piezoelectric  coefficient  of  the  moonie  transducer  decreases  rapidly  with  increasing  the 
endcap  thickness.  The  piezoelectric  charge  coefficient  of  moonie  transducers  also  show 
position  dependent  behavior  similar  to  that  of  the  displacement. 

(4) 

Placing  a  groove  9.0-mm  in  diameter,  0.2-mm  in  depth,  and  1.0-mm  in  width  in  the 
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Figure  5.  Effective  piezoelectric  charge  coefficient  of  same  size  various  design 
of  flextensional  transducers. 

brass  endcaps  increased  the  effective  piezoelectric  coefficient  almost  20%.  The 
piezoelectric  charge  coefficient  is  simply  the  ratio  of  the  applied  stress  and  the  induced 
charge.  Thus,  we  can  say  that  the  groove  on  the  endcaps  increases  the  stress 
transformation  ratio  and  therefore  the  generated  charge.  The  moonies  with  grooved 
endcaps  also  showed  less  position-dependent  behavior.  For  the  2-mm  diameter  section 
at  the  center  of  the  samples,  the  effective  piezoelectric  coefficient  is  about  1 1,000  pC/N. 

With  the  cymbal  endcaps,  the  piezoelectric  coefficients  increased  almost  60%.  For  a 
cymbal  12.7-mm  in  diameter  and  1.7-mm  in  total  thickness,  an  effective  piezoelectric 
coefficient  of  more  than  15,000  pC/N  was  measured  over  the  4-mm  diameter  center 
section  of  the  cymbal  transducer.  We  have  concluded  that  the  thick  metal  region  near 
the  edge  of  the  moonie  metal  endcaps  is  a  passive  region,  which  does  not  assist  stress 
transfer,  and  acts  to  decrease  the  total  efficiency.  Cymbal  endcaps  transfer  the  stress 
more  efficiently  and  improve  the  energy  transfer  markedly.  The  calculated  result  for 
conical  endcap  and  the  measured  result  for  cymbal  with  truncated  conical  endcaps  are  in 
very  good  agreement. 

3.  Fabrication  Method 

When  fabricating  the  composite  moonie  and  cymbal  transducers,  piezoelectric, 
electrostrictive,  or  antiferro-  to-  ferroelectric  ceramics  can  be  used  as  the  driving 
element  in  either  single  layer  or  multilayer  form.  Shallow  cavities  beneath  the  endcaps 
of  the  moonie  transducers  are  machined  into  the  inner  surface  of  each  of  the  end  caps. 
Brass,  phosphor  bronze,  other  flexible  metals  and  their  alloys,  and  even  acrylic  can  be 
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used  as  endcap  materials. 

For  cymbals  the  truncated  conical  endcaps  are  punched  using  a  specially  designed  punch 
to  fabricate  the  transducers  rapidly  at  minimal  cost.  Shaping  and  cutting  operations  are 
carried  out  simultaneously  during  processing.  The  final  product  requires  only  surface 
treatment  for  good  bonding.  Moreover,  endcaps  can  be  easily  fabricated  from  metal 
sheets  by  punching.  With  this  fabrication  routes  it  is  possible  to  fabricate  identical 
endcaps  with  minimal  labor. 

The  metal  moonie  and  cymbal  endcaps  are  bonded  to  the  electro-active  ceramic  disks 
around  the  circumference  using  soldering  alloy  or  epoxies  such  as  Eccobond  epoxy  resin 
from  Emerson  &  Cuming,  taking  special  care  not  to  fill  the  cavity.  The  thickness  of  the 
epoxy  bonding  layer  must  be  very  thin,  approximately  20  pm.  Using  silver  epoxy  as  a 
gluing  agent,  composite  actuators  may  also  be  stacked  together  at  the  center  of  the 
endcaps  to  achieve  still  higher  displacements.  Moonie  and  cymbal  transducers  can  be 
easily  fabricated  3-50  mm  in  diameter  and  1-3  mm  in  total  thickness.  Currently  most  of 
the  studies  are  done  on  the  12.7-mm  diameter  1.5-mm  thick  samples. 

4.  Design  Optimization  With  the  Support  of  Finite  Element  Analysis 

Finite  element  programs  ATILA,  MARK,  and  ANSYS  were  used  for  the  design  and 
development  stages  of  the  moonie  and  cymbal  transducers.  The  cymbal  actuator  is  a 
second-generation  moonie-type  composite  developed  using  FEA  analysis  in 
collaboration  with  experiment.  Finite  Element  Analysis  has  identified  high  stress 
concentration  in  the  metal  endcaps  just  above  the  edge  of  the  ceramic  metal  bonding 
layer  near  the  edge  of  cavity  [4]. 

The  stress  concentration  on  the  brass  endcap  just  above  the  bonding  layer  reduces  the 
effective  force  transfer  from  the  PZT  to  the  cap.  It  is  possible  to  eliminate  part  of  the 
stress  concentration  by  removing  a  portion  of  the  endcap  just  above  the  bonding  region 
where  the  maximum  stress  concentration  is  observed.  An  enhancement  in  properties  has 
been  observed  by  introducing  a  ring  shaped  groove  on  the  exterior  surface  of  the 
endcaps  [5].  By  moving  the  groove  toward  the  edge  of  the  actuator,  the  displacement 
increases.  The  highest  displacement  was  achieved  when  the  groove  was  above  the  edge 
of  bonding  layer.  It  is  found  that  the  deeper  and  wider  the  groove,  the  higher  the 
displacement  [6]. 

In  reality,  placing  a  ring  shaped  groove  on  the  endcap  does  not  eliminate  the  stress  but 
further  concentrates  it  into  a  very  narrow  region.  Stress  concentrations  at  the  groove 
edges  are  a  potential  source  of  fatigue  and  may  eventually  produce  failure  under  long¬ 
term  usage.  Moreover,  additional  labor  is  required  to  machine  the  groove  into  the 
endcaps. 

The  cymbal  transducer  with  truncated  endcaps  has  been  designed  to  remove  much  of  the 
stress  concentration  and  to  produce  higher  and  more  reproducible  displacements. 
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Although  this  new  design  looks  similar  to  the  earlier  moonie  design,  it  has  a  different 
displacement  mechanism.  Displacement  is  primarily  a  flexural  motion  of  the  endcap  for 
the  original  moonie  design,  but  for  the  new  design,  the  displacement  is  created  by  the 
combination  of  flexural  and  rotational  motions.  Figure  6  shows  the  displacement  values 
of  the  different  endcap  designs  with  a  fixed  cavity  depth  (0.20-mm)  and  diameter 
(9.0  mm).  A  linear  Voltage  Differential  Transformer  (LVDT)  was  used  for 
displacement  analysis  of  the  transducers.  A  variable  electric  field  up  to  lkV/mm  with 
triangular  waveform  at  0.1  Hz  is  applied  to  the  sample.  A  moonie  actuator  with  0.30- 
mm  thick  brass  endcaps  provides  a  22-pm  displacement.  Using  the  ring-shaped  groove 
design,  the  displacement  was  increased  to  32  pm  with  a  groove  9.0  mm  in  diameter,  0.2 
mm  in  depth,  and  1 .0  mm  in  width  machined  into  the  brass  endcaps  of  the  same  actuator. 
A  cymbal  actuator  with  uniformly  thick  punched  endcaps  exhibits  around  40-pm 
displacements,  about  twice  the  moonie  displacement,  and  about  50  times  larger  than 
uncapped  PZT. 


Position  from  the  center  of  the  endcap  (mm) 

Figure  6.  Displacement  characteristics  of  moonie  and  cymbal  flextensional  transducers. 

4. 1  EFFECT  OF  SIZE  AND  SHAPE 

The  dimensions  of  the  cavity  beneath  the  endcaps  play  a  crucial  role  in  the  cymbal 
performance.  Engineering  the  flexibility  of  the  endcaps  or  changing  cavity  dimensions 
can  tailor  the  desired  actuation.  The  displacement,  which  is  the  result  of  converse 
piezoelectric  effect,  has  a  quadratic  relationship  with  the  cavity  diameter.  Figure  7 
shows  the  calculated  and  experimental  results  of  displacement  cavity  relation  of  cymbal 
transducer  with  constant  endcap  thickness  (0.25mm)  and  PZT  thickness  (1.0  mm). 
Figure  8  shows  the  optimal  cavity  depth,  which  is  around  0.25  mm  for  a  cymbal 
transducer  with  constant  cavity  diameter  (9.0  mm)  and  PZT  thickness  (1.0  mm). 
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Diameter  of  the  Cymbal  (mm) 


Figure  7.  Displacement  cavity  relation  of  cymbal  transducer  with  constant  endcap  thickness  (0.25mm)  and 

PZT  thickness  (1.0  mm). 

4.2  EFFECT  OF  ENDCAP  MATERIAL 

The  flexibility  and  modulus  of  elasticity  of  the  endcap  material  are  important  parameters 
defining  the  important  actuator  properties:  displacement,  response  speed  and  generative 
force,  of  moonie  and  cymbal  actuators  and  transducers.  Figure  9  shows  the  effects  of 
the  Young’s  modulus  of  the  metal  endcaps  and  the  hardness  of  the  PZT  ceramics  on  the 
displacement  of  composite  cymbal  actuators.  Increasing  the  Young’s  modulus  of  the 
metal  endcaps  reduces  the  displacement  of  the  cymbal  actuator.  This  reduction  is 
almost  linear  and  the  displacement  of  the  highest  Young’s  modulus  metal  endcaps  is 
approximately  55%  lower  than  that  achieved  using  the  most  compliant  metal  endcaps. 
Similar  behavior  is  observed  for  all  PZT  ceramic  types.  The  linear  decrease  of  the 
displacement  with  the  increase  if  the  Young’s  modulus  of  the  metal  confirms  the  spring¬ 
like  nature  of  the  endcaps. 

Figure  10  shows  the  net  displacement  of  the  cymbal  actuators  made  with  different  metal 
endcaps.  The  net  displacement  is  the  displacement  produced  by  the  actuator  when  it  is 
electrically  driven.  If  the  actuator  is  loaded,  a  free  deflection  is  produced  and  at  each 
load,  the  application  of  an  electric  field  produced  a  net  displacement.  The  free 
deflection  of  the  composite  is  related  to  the  spring  characteristics  of  the  composite. 
Metals  with  low  modulus  of  elasticity  show  higher  displacement  and  higher  free 
deflection.  On  the  contrary,  the  maximum  load,  defined  as  the  load  for  which  90%  or 
the  initial  net  displacement  is  maintained,  increased  with  the  modulus  of  the  elasticity  of 
the  metal  endcaps. 
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Figure  8.  The  optimal  cavity  depth  for  a  cymbal  transducer  with  constant  cavity  diameter  (9.0  mm)  and  PZT 

thickness  (1.0  mm). 


Figure  9.  Effect  of  endcap  modulus  of  elasticity  on  the  displacement  performance. 
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Figure  10.  Trade-  offbetween  generative  force  and  displacement  for  the  cymbal. 

4.3  EFFECT  OF  ELECTRO-ACTIVE  CERAMIC  DRIVING  ELEMENT 

PZT  ceramics,  PMNPT  relaxor  ferroelectrics  and  PNZST  type  antiferro-ferroelectric 
ceramic  elements  can  be  used  in  single  layer  or  in  multilayer  form.  Typical 
displacement  hysteresis  graphs  of  12.7-mm  diameter  1-mm  thick  samples  made  of  all 
three  kinds  of  electro-active  ceramics  materials  are  shown  in  the  Figure  11. 
Displacement  hysteresis  for  the  cymbal  transducers,  12.7  mm  diameter  1.0  mm  PZT 
thickness,  and  9.0  mm  cavity  diameter  0.2  mm  cavity  depth,  fabricated  with  all  three 
kind  of  electro-active  ceramic  element  are  shown  in  Figure  12.  Cymbal  actuators  with 
soft  PZT  ceramics  exhibit  linear  displacement  with  a  rather  large  hysteresis,  which  is  the 
indication  of  losses.  The  cymbal  actuator  with  the  PMN-PT  type  of  ceramic  driving 
element  shows  larger  displacement  with  lower  losses.  However,  it  exhibits  a  nonlinear 
displacement  consistent  with  the  relaxor  characteristics  of  the  PMN-PT  ceramics.  Linear 
displacement  characteristics  can  be  achieved  by  using  charge  driving  electrical  circuitry. 
PNZST  is  an  antiferroelectric-ferroelectric  type  phase  transition  material.  Unique 
property  of  this  material  is  the  volumetric  expansion  under  applied  electric  field.  With 
cymbal  endcap  design,  this  volumetric  expansion  is  converted  to  a  negative  axial 
displacement. 

4.4  VARIOUS  DRIVING  MODES  TO  ACTIVATE  THE  CYMBAL  TRANSDUCER 

Poled  ferroelectric  ceramics  (Curie  groups  a>m)  possess  three  independent  piezoelectric 
coefficients:  d3j,  d33,  and  d,5.  By  careful  designing,  each  of  the  piezoelectric 
coefficients  can  be  activated  as  the  driving  mode  of  a  composite  cymbal  or  moonie 
transducer. 


Displacement  (pm)  ^  Displacement  (pm) 


Figure  11.  Hysteresis  of  various  electro-active 
ceramics. 
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Figure  12.  Hysteresis  of  cymbals  with  various 
electro-active  ceramics. 
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Cymbal  transducers  can  be  fabricated  from  ring  shaped  ceramics  sandwiched  between 
truncated  metal  endcaps.  Polarization  and  electric  field  directions  of  the  samples  can  be 
altered  systematically  to  make  use  of  the  three  different  piezoelectric  coefficients  as 
driving  power.  Figure  13  shows  four  combinations  between  electric  field  and  internal 
polarization  of  the  ceramic  driving  element.  In  case  one,  the  radial  mode  d3i  of  the 
piezoelectric  ceramic  element  is  used  to  activate  the  endcaps.  In  case  two,  the 
longitudinal  coefficient  d33  is  used  to  activate  the  metal  endcaps.  The  shear  mode  dis  of 
the  piezoceramic  possesses  the  highest  value  piezoelectric  coefficient  value.  Cases  3  and 
4  are  designed  to  activate  the  ceramic  in  a  shear  mode.  Figure  14  shows  the 
displacement  versus  inner  ring  diameter  of  the  piezoelectric  driving  element  relation  of 
the  cymbal  transducer.  From  the  graph,  it  may  be  seen  that  the  d3j  mode,  which  exhibits 
the  highest  displacement,  is  still  the  best  mode  to  drive  the  cymbal  transducer. 
Although  d,5  is  the  highest  piezoelectric  coefficient,  it  is  not  effective  for  driving  cymbal 
transducer  in  the  present  design.  It  has  to  be  kept  in  mind  that  the  shear  mode  is  a  rather 
soft  mode.  A  rigid  solid  disc  has  to  be  placed  between  the  rings.  In  general  increasing 
the  size  of  the  inner  diameter  decreases  the  displacement  value,  because  of  decreasing 
volume  of  the  ceramic  body  and  volumetric  efficiency  of  transducer.  From  the 
manufacturing  point  of  view,  case  1  is  the  best,  because  it  is  easy  to  fabricate  and  easy  to 
apply  electric  field  without  developing  a  short  circuit.  The  other  three  cases  are  more 
difficult  to  fabricate  and  requires  rather  careful  electric  wiring. 


CASE  1  CASE  2 


CASE  3  CASE  4 


Figure  13  Various  driving  modes  of  the  cymbal  transducer  with  a  ceramic  ring. 
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Figure  1 4.  FEA  results  for  displacement  ceramic  inner  diameter  relation. 

5.  Application  of  the  moonie  and  cymbal  transducers 

Moonie  and  cymbal  transducers  have  great  potential  for  both  sensor  and  actuator 
applications  [7],  [8].  They  can  also  be  utilized  as  the  switching  element  in  valve 
designs.  There  is  a  volume  change  inside  the  moonie  and  cymbal  transducers  during 
cycling.  This  volume  change  can  be  utilized  in  minipump  applications. 

5.1  ACTUATORS 

Flextensional  moonie  and  cymbal  actuators  with  their  moderate  generative  force  and 
displacement  values  fill  the  gap  between  multilayer  and  bimorph  actuators.  Each  solid- 
state  actuator  design  has  attractive  features  that  can  be  exploited  for  certain  applications. 
The  advantages  of  the  moonie  and  cymbal  actuators  are  the  easy  tailoring  of  the  desired 
actuator  properties  by  altering  the  cavity  size  and  endcap  dimensions.  Easy  fabrication 
is  another  advantage.  Several  features  of  the  various  solid-state  actuator  designs  are 
listed  in  Table  I.  It  is  rather  difficult  to  compare  the  different  actuators  because  of 
differences  in  geometry  and  various  operating  conditions  for  specific  applications.  To 
make  a  fair  comparison,  similar  dimensions  for  each  actuator  were  selected,  and  the 
measurement  conditions  are  those  specified  in  Table  I.  The  rainbow  actuator  also 
partially  covers  the  gap  between  multilayer  and  bimorph  actuators  [9].  For  that  type  of 
actuator,  a  reduction  step  during  processing  of  the  ceramic  element  at  high  temperature 
results  in  a  semiconducting  layer  and  stress-bias.  Although  it  shows  flexural  motion,  the 
rainbow  can  be  categorized  as  a  monomorph  or  a  unimorph  type  of  actuator.  The 
effective  coupling  factor  of  rainbow  is  theoretically  smaller  than  the  moonie  and  cymbal. 
High  applied  electric  field,  position-dependent  displacement  and  cost  are  the  main 
disadvantages  of  the  rainbow  actuator  in  comparison  with  the  cymbal.  In  the  moonie 
and  cymbal  design,  multilayer  piezoelectric  ceramics  can  be  used  as  the  driving  element 
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to  reduce  the  applied  voltage.  The  moonie  and  cymbal  actuator  can  be  used  as  a 
micropositioner  for  applications  requiring  small  size  with  relatively  quick  response. 
OMRON  Corporation  has  already  succeeded  in  using  the  multilayer  moonie  actuator  for 
an  optical  scanner  [10].  Other  applications  for  the  cymbal  and  moonie  include  sensing 
and  vibration  suppression  elements  in  the  automotive  and  aerospace  industry,  switching 
element  in  valve  design,  micropositioners  requiring  small  size  with  relatively  quick 
response  for  precise  positioning  device  in  CD-ROM  and  magneto-optic  memory  storage 
driver,  mini-pumps,  relays,  and  switches,  printer  hammers,  and  linear  and  rotary 
ultrasonic  motors 

Table  I.  Comparison  of  the  Solid  State  Ceramic  Actuator  Designs. 


Features 

Rainbow 

Moonie 

Dimensions 

5x5x12. 

(LxWxT) 

mm3 

12.7x10x0. 

6  (LxWxT) 
mm3 

F  12.7  mm 
T=  0.5  mm 

F  12.7  mm 
T=  1.7  mm 

F  12.7  mm 
T=  1.7  mm 

Drive  Voltage 
(V) 

100 

100 

450 

100 

100 

Displacement 

(pm) 

10 

35 

20 

40 

20 

Contact  surface 

(mm^) 

25 

1 

1 

3 

1 

Generative 
Force  (N) 

900 

0.5-1 

1-3 

15-60 

3 

Position 

None 

Maximum 

Maximum 

Maximum 

dependent  of 
displacement 


at 

the  center 


at 

the  center 
but 
more 
diffuse 


at  the  center 


Fastest 

Response  Time 
(psec) 


Fabrication 

method 


Fabrication 

Cost 


Very  high 

very  low 

low 

high 

low 

1-5 

100 

100 

5-50 

5-50 

Tape 

casting  and 
cofiring  at 
1200  °C 

Bonding 
ceramic 
element 
with  metal 
shim 

Reducing 
ceramic 
element 
at  950  °C 

Bonding 
ceramic 
element 
with  metal 
endcaps 

Bonding 

ceramic 

element 

with 

metal 

endcaps 

high 

low 

medium 

low 

medium 
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5.2  HYDROPHONE  APPLICATION 

Because  of  their  very  high  piezoelectric  charge  coefficients,  moonie  and  cymbal 
transducers  can  be  used  as  hydrophones,  accelerometers  and  air  acoustic  transducers. 
The  advantages  of  the  cymbal-type  hydrophone  are  very  large  dh  (hydrostatic  charge) 
and  gh  (hydrostatic  voltage)  coefficients  along  with  lightweight  and  inexpensive 
fabrication.  Cymbal  also  has  excellent  potential  for  use  as  a  shallow  water  projector. 

Cymbal  has  a  Q  less  than  10  when  water  loaded.  The  moderate  TVR  exhibited  by  a 
single  element  device  can  be  greatly  enhanced  by  incorporating  them  into  a  close  packed 
array  [11],  [12].  Hydrophone  figures  of  merit  (dh.gh)  of  some  of  the  widely  used 
composites  and  single  element  transducers  are  compared  in  the  plot  in  Figure  15.  Due 
to  the  size  dependence  of  some  transducers,  the  figure  of  merit  is  calculated  for  a  1-cm2 
transducer  for  a  valid  comparison.  Cymbal  exhibits  the  highest  figure  of  merit  among 
all  composites.  Figure  16  shows  the  pressure  dependence  of  the  effective  dh  and  gh 
coefficient  of  identical  transducers  with  different  cap  materials  and  0.25  mm  cavity 
depth.  These  data  clearly  show  that  caps  made  of  stiffer  metals  are  capable  of 
withstanding  higher  pressures  without  degradation  in  performance.  Stiffer  caps  are  not 
as  efficient  in  transferring  stress  to  the  piezoceramic,  which  is  why  the  effective  dh 
coefficient  drops  for  cymbals  with  stiffer. 


Figure  15.  Hydrophone  figures  of  merit  (dh.gh)  of  some  of  the  widely  used  composites  and  single  element 

transducers. 

5.3 .  ULTRASONIC  MOTOR  APPLICATION 

An  ultrasonic  motor  was  derived  from  moonie  and  cymbal  design  [13].  The  motor  is 
named  the  windmill  because  of  the  appearance  of  the  slitted  endcaps.  Detailed 
information  concerning  this  motor  can  be  obtained  from  the  article  of  K.  Uchino  and  B. 
Koc  “Compact  piezoelectric  ultrasonic  motors”  in  this  proceeding. 
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Figure  16.  The  pressure  dependence  of  the  effective  dh  and  gb  coefficients  for  same  size  cymbal  transducers 

with  different  cap  materials. 

5.4  ACCELEROMETER  APPLICATION 

Cymbal  transducer  has  been  investigated  for  accelerometer  applications  [14].  A  high 
effective  piezoelectric  charge  coefficient  (d33)  of  the  cymbal  transducer  was  observed 
around  15000  pC/N,  which  is  much  higher  than  that  of  piezoelectric  ceramic,  around 
550  pC/N.  With  this  feature,  the  cymbal  transducer  is  a  good  candidate  for  highly 
sensitive  accelerometer  applications.  Figure  17  shows  the  Log  sensitivity  frequency 
relation  of  cymbal  accelerometers  with  various  endcaps  in  comparison  with  PZT  itself. 
Cymbal  accelerometers  have  more  than  two  orders  of  magnitude  higher  sensitivity  than 
PZT  ceramics  at  low  frequencies. 


Figure  17.  Acceleration  sensitivity  of  cymbal  in  comparison  with  PZT  itself. 
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Abstract: 

This  paper  presents  a  new  miniature  piezoelectric  ultrasonic  rotary  motor  that  utilizes  two  orthogonal  bending 
modes  of  a  hollow  cylinder.  The  design  consists  of  a  hollow  metal  cylinder  whose  outside  surface  is  flattened  on 
two  sides  (at  90-degrees  to  each  other).  Rectangular  piezoelectric  plates  are  bonded  to  these  two  flattened 
surfaces.  Wobble  motion  is  generated  on  the  cylinder  when  only  one  piezoelectric  plate  is  excited  at  a  frequency 
between  the  two  orthogonal  bending  modes.  The  behavior  of  the  stator  vibrator  was  simulated  using  ATILA 
finite  element  software.  Since  this  motor  uses  simple  piezoelectric  plates  as  the  active  drive  elements,  it  is 
highly  scalable  and  can  be  driven  by  a  single  AC  source.  The  prototype  motor  has  a  size  2.8  mm  in  diameter  and 
12.0  mm  in  length,  operated  at  62  kHz. 


Introduction 

In  a  piezoelectric  ultrasonic  motor,  an  active 
piezoelectric  element  is  excited  in  such  a  way  that  a 
high  frequency  small  amplitude  elliptic  motion  is 
generated  on  the  stator’s  surface.  The  rotor  is 
pressed  against  the  stator’s  surface  and  a  rotation  is 
produced  by  frictional  interaction  between  the 
touching  surfaces  of  the  stator  and  rotor.  Williams 
and  Brown  proposed  the  first  investigation  of 
ultrasonic  motors  using  the  principle  described 
above  in  1942.  Four  piezoelectric  rectangular  plates 
were  bonded  to  all  faces  of  a  quadratic  elastic  beam 
forming  a  composite  structure.  A  wobble  motion 
was  generated  at  one  end  of  the  bar  upon  exciting 
piezoelectric  elements  with  two-phase  potential  at  a 
bending  mode  resonance  frequency  of  the  bar  [1]. 

Depending  on  the  geometry  of  the  stator  and  the 
nature  of  the  piezoelectric  excitation,  two  orthogonal 
vibration  modes  can  be  superimposed  on  the  surface 
point  undergoing  elliptical  motion.  There  are  many 
ways  to  generate  an  elliptical  trajectory  on  the 
surface  of  the  vibratory  pieces.  Many  researchers 
have  classified  piezoelectric  ultrasonic  motors  into 
two  groups  according  to  the  vibration  modes  used  to 
generate  the  elliptical  motion:  travelling  wave  and 
standing  waves  types  [2, 3,4, 5].  However,  there  are 
structures  that  are  neither  travelling  wave  nor 
standing  waves  types.  A  typical  example  is  multi- 
(or  mixed-)  mode  excitation  type  piezoelectric 
ultrasonic  motors.  Exciting  at  least  two  orthogonal 
resonance  modes  of  the  stator  vibrator  generates 
elliptical  motion  on  the  stator  surface.  According  to 
the  shape  of  the  stator  transducer,  these  orthogonal 
resonance  modes  may  generate  longitudinal- 
torsional  [6,7]  radial-torsional  [8],  longitudinal- 
flexural  [9],  or  flexural-flexural  motions.  The  stators 


of  these  types  of  motors  may  have  some  additional 
elastic  part,  which  is  called  vibration  coupler  or 
concentrator.  Single  mode  vibration  on  the 
piezoelectric  element  is  converted  into  multi  mode 
vibration  at  the  tip  of  the  concentrator. 

Either  exciting  two  different  electrode  groups  one  at 
a  time  or  tuning  the  driving  frequency  of  the  stator 
vibrator  to  a  different  orthogonal  frequency  pair 
controls  the  rotation  or  direction  of  the  linear 
motion.  If  multi-vibrators  are  used,  either  the 
vibration  or  orientations  of  the  vibrators  need  to  be 
orthogonal.  In  this  type  of  motor,  superimposing 
two  orthogonal  single  mode  vibrations  with  a  phase 
shift  generates  elliptical  motion. 

The  motor  presented  in  this  paper  is  a  multi-mode- 
single-vibrator  excitation  type,  which  uses  two 
orthogonal  bending  modes  of  a  hollow  cylinder. 
Since  the  structure  and  poling  configuration  of  the 
active  piezoelectric  elements  used  in  the  stator  are 
simple,  this  motor  structure  is  very  suitable  for 
miniaturization.  The  multi-mode  excitation 
mechanism  of  the  stator  can  generate  wobbling 
motion  with  a  single  driving  source.  This  motor 
may  find  applications  in  the  medical  industry 
(endoscopes  and  prosthetic  devices), 
micromechatronic  (miniature  telerobotic), 
information  devices  (silent  alarm)  and  horology. 

Operating  Principle  of  the  Motor 

The  orthogonal  bending  mode  frequencies  in  the  x 
and  y-axes  for  a  quadratic  beam  are  the  same.  The 
bending  mode  frequencies  in  any  direction  for 
circular  cylinders  are  also  equal.  The  motor’s  stator 
presented  in  this  study  combines  the  circular  and 
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quadratic  cross-sections.  The  outside  surface  of  a 
hollow  metal  cylinder  was  flattened  on  two  sides  (at 
90-degrees  to  each  other)  and  two  rectangular 
piezoelectric  plates  were  bonded  to  these  two 
flattened  surfaces  (Fig.  1).  This  causes  the  cylinder 
to  have  two  degenerate  orthogonal  bending  modes, 
where  the  bending  mode  resonance  frequencies  are 
close  to  each  other.  The  split  of  the  bending  mode 
frequencies  is  due  to  the  partially  square/partially 
circular  outside  surface  of  the  hollow  cylinder. 
Driving  one  piezoelectric  plate  (while  short 
circuiting  the  other  to  ground)  at  a  frequency 
between  the  two  orthogonal  bending  modes  excites 
both  modes,  which  makes  the  cylinder  generate  a 
wobbling  motion.  When  the  other  piezoelectric 
plate  is  driven  at  this  same  frequency,  the  direction 
of  wobble  motion  is  reversed. 


Fig.  1:  Structure  of  the  motor’s  stator.  Poling  direction  in  the 
plates  is  indicated  by  the  arrows. 

Finite  Element  Analysis 

The  behavior  of  the  free  stator  vibrator  was 
simulated  using  ATTLA  finite  element  software. 
Tailoring  dimensions  of  the  metal  and  piezoelectric 
ceramics  equated  the  two  orthogonal  bending  mode 
frequencies  of  the  stator  vibrator.  The  piezoelectric 
plates  on  the  surface  of  the  cylinder  were  placed  in 
such  a  way  that  one  piezoelectric  plate  can  excite  the 
two  orthogonal  bending  modes  of  the  stator  vibrator. 
Figs.  2a  and  2b  show  the  orthogonal  bending  mode 
shapes  when  only  the  plate  on  the  x-axis  (Plate  X) 
was  excited  the  electrode  of  the  plate  Y  was  open 
circuited.  Wobble  motion  is  generated  on  the 
cylinder  when  only  one  piezoelectric  plate  is  excited 
at  a  frequency  between  the  two  orthogonal  bending 
modes.  When  the  other  piezoelectric  plate  is  excited 
at  the  same  frequency,  the  direction  of  wobble 
motion  can  be  reversed.  These  mode  shapes  are 
shown  in  Figs.  2c  and  2d. 

Experiment 

A.  Stator  Fabrication 

The  prototype  motor’s  stator  was  constructed  using  a 
hollow  metal  tube  (brass)  with  dimensions  of  1.2 
mm  outer  radius,  0.8  mm  inner  radius  and  12  mm  in 
length  and  two  rectangular  piezoelectric  plates  with 
dimensions  10  mm  in  length,  1.5  mm  in  width  and 
0.5  mm  in  thickness.  The  outside  surface  of  the 


metal  cylinder  was  polished  on  two  sides  at  90- 
degrees  to  each  other  to  obtain  two  orthogonal  flat 
surfaces.  The  distance  from  the  flat  surface  to  the 
center  of  the  tube  was  1.0  mm.  The  PZT  plates 
(APC841,  APC  International  Ltd.),  which  were 
electroded  uniformly  and  poled  in  the  thickness 
direction,  were  bonded  to  the  flat  orthogonal 
surfaces  on  the  cylinder  using  epoxy  and  cured 
around  60°C. 

The  rotor  of  this  motor  is  a  cylindrical  rod  with  a 
pair  of  stainless  steel  ferrule  pressed  with  a  spring. 
The  basic  configuration  of  the  motor  is  shown  in 
Fig.  3. 


Fig.  2:  a,  b)  Top  view  of  orthogonal  bending  mode  shapes  when 
only  the  plate  on  x-axis  (Plate  X)  was  excited,  c,  d)  Bending  mode 
shapes  when  only  the  plate  on  the  y-axis  was  excited. 


Fig.  3:  Assembly  of  the  motor. 

B.  Free  Stator  Characterization 

As  a  first  step  to  clarify  the  stator  behavior,  the 
admittance  spectra  of  the  free  stator  was  measured 
under  three  conditions  (Fig.  4).  When  the  plate  X 
was  excited  with  short-circuiting  the  electrodes  of 
the  plate  Y  to  ground,  the  stator  had  two  degenerate 
bending  modes  resonance  frequencies  around  61.2 
and  65.0  kHz.  When  the  plate  Y  was  excited,  the 
stator  showed  the  same  behavior.  However,  when 
both  plates  were  excited,  only  one  bending  mode 
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frequency  in  the  direction  of  the  y’-axis  (Fig.l)  was 
obtained. 


Fig.  4:  Admittance  spectrum  of  the  free  stator. 

The  peak-to-peak  displacement  in  the  x  and  y-axes 
directions  was  also  measured  by  exciting  the  plate  X 
and  plate  Y  using  a  Laser  Fiberoptic  Interferometer 
(Politec  OFV-3001/OFV-311).  The  displacement 
spectrum  in  the  x  and  y  directions  when  only  the 
plate  X  was  excited  is  shown  in  Fig.  5a.  When  only 
plate  Y  was  excited,  similar  behavior  was  obtained 
(Fig.  5b). 


Fig.  5a:  Measured  displacement  in  x  and  y-axes  by 
exciting  only  plate  X. 


Fig.  5b:  Measured  displacement  in  x  and  y-axes  by 
exciting  only  plate  Y. 


excited  (Fig.  6a).  In  order  to  do  this  measurement 
with  a  single  Laser  Fiberoptic  Interferometer,  we 
compared  the  phase  of  the  displacements  in  x  and  y 
directions  with  the  input  applied  AC  voltage  of  80.0 
V  (p-to-p).  Then,  we  plotted  the  displacement  y  as  a 
function  of  the  displacement  x.  The  same  type  of 
measurements  were  performed  by  exciting  only 
plate  Y  and  the  results  are  shown  in  Fig.  6b.  The 
interesting  points  here  are:  i)  the  direction  of  wobble 
motions  when  only  plate  X  was  excited  was 
clockwise,  and  counterclockwise  when  only  plate  Y 
was  excited,  ii)  the  wobble  motions,  when  only 
plate  X  was  excited,  were  almost  identical  to  the 
wobble  motions  when  only  plate  Y  was  excited  at 
the  same  frequency.  In  conclusion,  the  designed 
motor  can  be  driven  with  a  single  AC  source  and 
exciting  the  plate  X  or  Y  simultaneously  controls  the 
direction  of  the  rotation. 


60.5,  61.5,  62.0,  63.5,  64.5  kHz 


Fig.  6a:  Measured  elliptical  displacements  at  60.5,  61.5,  62,  63.5 
and  64.5kHz  when  only  plate  X  was  excited.  The  most  suitable 
frequency  to  drive  the  motor  is  61.5kHz. 


60.5,  61.5,  62.0,  63.5,  64.5  kHz 


-0.6  -0.4  -0.2  0  0.2  0.4  0.6 

X(g  m) 

Fig.  6b:  Measured  elliptical  displacements  at  60.5,  61.5,  62,  63.5 
and  64.5kHz  when  only  plate  Y  was  excited.  Note  that  the  most 
suitable  frequency  to  drive  the  motor  is  again  61.5kHz. 


At  frequencies  of  60.5,  61.5,  62.0  63.5  and  64.5 
kHz,  we  measured  the  magnitude  of  the  wobble 
motions  in  the  xy-plane  when  only  plate  X  was 
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Motor  Performance 

The  no-load  speed  in  the  clockwise  and 
counterclockwise  directions  as  a  function  of  input 
rms  voltage  is  shown  in  Fig.  7.  The  speed  (N)  in  the 
clockwise  and  counterclockwise  directions  increased 
by  the  same  amount  with  input  voltage  from  20  to 
120V,  The  motor  was  driven  at  62.1  kHz  for  both 
directions.  According  to  the  first  preliminary 
measurements,  the  output  torque  at  80V  is  more  than 
1.0  mNm. 
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Fig.  7:  Speed  [N]  vs.  input  voltage. 


Conclusions 

A  new  Multi-Mode-Single-Vibrator  type 
Piezoelectric  Ultrasonic  motor  design  has  been 
designed. 

The  motor  is  driven  with  single  AC  power  source. 
The  structure  of  the  motor  is  simple  and  highly 
scalable.  The  rotation  in  this  motor  takes  place  by 
exciting  two  orthogonal  bending  modes  of  a  hollow 
cylinder.  The  structure  of  the  stator  was  analyzed 
using  the  ATILA  finite  element  code,  and  its 
dynamic  behavior  was  predicted.  The  proposed 
motor  may  find  application  in  medical  industries 
such  as  catheter  and  other  micromechatronic  device 
applications 
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This  paper  reviews  recent  developments  of  compact  ultrasonic  rotary  motors 
using  piezoelectric  resonant  vibrations.  Following  the  historical  background, 
three  ultrasonic  motors  recently  developed  are  introduced;  windmill,  PZT  tube 
and  metal  tube  types.  Driving  principles  and  motor  characteristics  are 
described  in  comparison  with  die  conventional  ultrasonic  motors.  Motors  with 
1 .5  mm  in  diameter  and  0.1  mNm  in  torque  have  been  actually  developed. 

Keywords:  Ultrasonic  motor.  Piezoelectric  actuator.  Standing  wave  motor 


INTRODUCTION 

This  paper  deals  with  ultrasonic  motors  using  resonant 
vibrations,  putting  a  particular  focus  on  miniaturized  motors. 
Following  the  historical  background,  three  compact  ultrasonic  motors 
recently  developed  are  introduced;  windmill,  PZT  tube  and  metal  tube 
types.  Driving  principles  and  motor  characteristics  are  described  in 
comparison  with  the  conventional  ultrasonic  motors.  Motor  sizes  less 
than  3  mm  <)>  is  of  our  particular  interest. 

CLASSIFICATION  OF  ULTRASONIC  MOTORS 
Historical  Background 

Electromagnetic  motors  were  invented  more  than  a  hundred 
years  ago.  While  these  motors  still  dominate  the  industry,  a  drastic 
improvement  cannot  be  expected  except  through  new  discoveries  in 
magnetic  or  superconducting  materials.  Regarding  conventional 
electromagnetic  motors,  tiny  motors  smaller  than  lcm  long  are 
theoretically  difficult  to  produce  with  sufficient  energy  efficiency. 
Therefore,  a  new  class  of  motors  using  high  power  ultrasonic  energy, 
i.e.,  ultrasonic  motor,  is  gaining  wide  spread  attention.  Ultrasonic 
motors  made  with  piezoceramics  whose  efficiency  is  insensitive  to  size 


are  superior  in  the  mini-motor  area.  For  example,  a  commercialized 
electromagnetic  motor  by  Motorola  with  7  mm  in  diameter  and  16  mm 
in  length  can  generate  0.075  mNm  in  torque  and  5000  rpm  in  no-load 
speed  under  an  input  power  of  0.2  W,  which  is  more  than  one  order  of 
magnitude  higher  than  the  power  required  for  our  ultrasonic  motors 
with  similar  specifications. 

Figure  1  shows  the  basic  construction  of  an  ultrasonic  motor, 
which  consists  of  a  high-frequency  power  supply,  a  vibrator  and  a 
slider.  Further,  the  vibrator  is  composed  of  a  piezoelectric  driving 
component  and  an  elastic  vibratory  part,  and  the  slider  is  composed  of 
an  elastic  moving  part  and  a  friction  coat. 
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Fig.  1  Fundamental  construction  of  an  ultrasonic  motor. 

Though  there  had  been  some  earlier  attempts,  the  practical 
ultrasonic  motor  was  proposed  firstly  by  H.  V.  Barth  of  IBM  in  1973 
[1].  A  rotor  was  pressed  against  two  horns  placed  at  different 
locations.  By  exciting  one  of  the  horns,  the  rotor  was  driven  in  one 
direction,  and  by  exciting  the  other  horn,  the  rotation  direction  was 
reversed.  Various  mechanisms  based  on  virtually  the  same  principle 
were  proposed  by  V.  V.  Lavrinenko  [2]  and  P.  E.  Vasiliev  [3]  in  the 
former  USSR.  Because  of  difficulty  in  maintaining  a  constant  vibration 
amplitude  with  temperature  rise,  wear  and  tear,  the  motors  were  not  of 
much  practical  use  at  that  time. 

In  1980's,  with  an  increase  of  chip  pattern  density,  the  semi¬ 
conductor  industry  began  to  request  much  more  precise  and 
sophisticated  positioners  which  do  not  generate  magnetic  field  noise. 
This  urgent  request  has  accelerated  the  developments  in  ultrasonic 
motors.  Another  advantage  of  ultrasonic  motors  over  the  conventional 
electromagnetic  motors  with  expensive  copper  coils,  is  the  improved 
availability  of  piezoelectric  ceramics  at  reasonable  cost. 


The  merits  and  demerits  of  the  ultrasonic  motors  are  [4]: 


Merits 

1.  Low  speed  and  high  torque  —  Direct  drive 

Quick  response,  wide  velocity  range,  hard  brake -and  no  backlash 

-  Excellent  controllability 
—  Fine  position  resolution 
High  power  /  weight  ratio  and  high  efficiency 
Quiet  drive 

Compact  size  and  light  weight 
Simple  structure  and  easy  production  process 
Negligible  effect  from  external  magnetic  or  radioactive  fields, 
and  also  no  generation  of  these  fields 
Demerits 

8.  Necessity  for  a  high  frequency  power  supply 

9.  Less  durability  due  to  frictional  drive 

10.  Drooping  torque  vs.  speed  characteristics 


2. 


3. 

4. 

5. 

6. 
7. 


Classification  and  Principles  of  Ultrasonic  Motors 

Two  categories  are  being  investigated  for  ultrasonic  motors 
from  a  vibration  characteristic  viewpoint:  a  standing-wave  type  and 
traveling-wave  type  [4].  The  standing  wave  is  expressed  by 


us(x,t)  =  A  cos  kx  •  cos  cot. 

(1) 

while  the  traveling  wave  is  expressed  as 

up(x,t)  =  A  cos  (kx  -  cot). 

(2) 

Using  a  trigonometric  relation,  Eq.  (2)  can  be  transformed  as 

up(x,t)  =  A  cos  kx  •  cos  cot  +  A  cos  (kx  -n/2)-  cos  (cot  -tt/2).  (3) 
This  leads  to  an  important  result,  i.e.,  a  traveling  wave  can  be  generated 
by  superimposing  two  standing  waves  whose  phases  differ  by  90  degree 
to  each  other  both  in  time  and  in  space.  This  principle  is  necessary  to 
generate  a  traveling  wave  on  a  limited  volume/size  substance,  because 
only  standing  waves  can  be  excited  stably  in  a  finite  size. 

The  standing-wave  type  is  sometimes  referred  to  as  a  vibratory- 
coupler  type  or  a  "woodpecker"  type,  where  a  vibratory  piece  is 
connected  to  a  piezoelectric  driver  and  the  tip  portion  generates  flat- 
elliptical  movement.  The  standing-wave  type  has,  in  general,  high 
efficiency,  but  lack  of  control  in  both  clockwise  and  counterclockwise 
directions  is  a  problem. 

By  comparison,  the  traveling-wave  type  (a  surface-wave  or 
"surfing"  type)  combines  two  standing  waves  with  a  90°  phase 


difference  both  in  time  and  in  space.  A  surface  particle  of  the  elastic 
body  draws  an  elliptical  locus  due  to  the  coupling  of  longitudinal  and 
transverse  waves.  This  type  requires,  in  general,  two  vibration  sources 
to  generate  one  traveling  wave,  leading  to  low  efficiency  (not  more 
than  50  %),  but  it  is  controllable  in  both  the  rotational  directions  just  by 
exchanging  sine  and  cosine  supplied  voltages.  Due  to  the  necessity  of 
the  dual  drive  system,  the  traveling  wave  type  is  more  complicated  in 
structure  and  expensive  in  manufacturing  cost  than  the  standing  wave 
type. 

Conventional  Motor  Designs 

Figure  2  shows  the  famous  Sashida  motor  [5],  By  means  of  the 
traveling  elastic  wave  induced  by  a  thin  piezoelectric  ring,  a  ring-type 
slider  in  contact  with  the  "rippled"  surface  of  the  elastic  body  bonded 
onto  the  piezoelectric  is  driven  in  both  directions  by  exchanging  the 
sine  and  cosine  voltage  inputs.  The  PZT  piezoelectric  ring  is  divided 
into  16  positively  and  negatively  poled  regions  and  two  asymmetric 
electrode  gap  regions  so  as  to  generate  a  9th  mode  propagating  wave 
at  44  kHz.  A  prototype  was  composed  of  a  brass  ring  of  60  mm  in 
outer  diameter,  45  mm  in  inner  diameter  and  2.5  mm  in  thickness, 
bonded  onto  a  PZT  ceramic  ring  of  0.5  mm  in  thickness  with  divided 
electrodes  on  the  back-side.  The  rotor  was  made  of  polymer  coated 
with  hard  rubber  or  polyurethane. 


Canon  utilized  the  "surfing"  motor  for  a  camera  automatic 
focusing  mechanism,  installing  this  ring-type  motor  compactly  in  the 
lens  frame.  Using  basically  the  same  principle,  Seiko  Instruments 
miniaturized  the  ultrasonic  motor  to  a  diameter  as  small  as  10  mm  [6], 

A  driving  voltage  of  3  V  provides  torque  of  0. 1  mN-m.  Seiko  installed 
this  tiny  motor  into  a  wrist  watch  as  a  silent  alarm.  AlliedSignal 


developed  ultrasonic  motors  similar  to  Shinsei's,  which  would  be 
utilized  as  mechanical  switches  for  launching  missiles  [7]. 

A  significant  problem  in  miniaturizing  this  sort  of  traveling 
wave  motor  can  be  found  in  the  ceramic  manufacturing  process; 
without  providing  a  sufficient  buffer  gap  between  the  adjacent 
electrodes,  the  electrical  poling  process  (upward  and  downward)  easily 
initiates  the  crack  on  the  electrode  gap  due  to  the  residual  stress 
concentration.  This  may  restrict  the  further  miniaturization  of  the 
traveling  wave  type  motors.  To  the  contrary,  standing  wave  type 
motors,  the  structure  of  which  is  less  complicated,  are  more  suitable  for 
miniaturization  as  we  will  discuss  in  the  following.  They  require  only 
one  uniformly  poled  piezo-element,  less  electric  lead  wires  and  one 
power  supply. 

Another  problem  encountered  in  these  traveling  wave  type 
motors  is  the  support  of  the  stator.  In  the  case  of  a  standing  wave 
motor,  the  nodal  points  or  lines  are  generally  supported;  this  causes 
minimum  effects  on  the  resonance  vibration.  To  the  contrary,  a 
traveling  wave  does  not  have  such  steady  nodal  points  or  lines.  Thus, 
special  considerations  are  necessary.  In  Fig.  2,  the  stator  is  basically 
fixed  very  gently  along  the  axial  direction  through  felt  so  as  not  to 
suppress  the  bending  vibration. 

We  point  out  here  also  that  one  of  the  key  factors  for  the  actual 
commercialization  of  ultrasonic  motors  is  to  develop  low  loss  and  high 
mechanical  quality  factor  piezoelectric  materials,  in  order  to  suppress 
the  heat  generation  during  driving,  which  limits  the  continuous 
operation.  We  developed  new  ceramic  series  based  on  PZT- 
Pb(Mn,Sb)C>3  system,  which  can  be  used  for  10  times  higher 
input/output  power  range  than  the  commercially  available  Hard  PZT’s 
without  generating  significant  heat.  Refer  to  some  recent  papers  [8,9] 
on  this  issue. 

COMPACT  MOTOR  DESIGNS 

We  adopted  the  following  concepts  for  developing  new 
compact  ultrasonic  motors:  (a)  simplify  the  structure  and  reduce  the 
number  of  component,  (b)  use  simple  (i.e.,  uniform)  poling 
configuration,  and  (c)  use  the  standing-wave  type  to  reduce  the  drive 
circuit  components. 

Windmill  Motor 

We  have  developed  a  Windmill  motor  design  with  basically  a 
flat  and  wide  configuration,  using  a  metal-ceramic  composite  structure 
[10,1 1J.  The  motor  is  composed  of  four  components:  stator,  rotor. 


ball-bearing  and  housing  unit  [Fig.  3(a)].  The  piezoelectric  part  has  a 
simple  structure  of  a  ring  electroded  on  its  top  and  bottom  surfaces  (<j> 
3.0mm)  poled  uniformly  in  the  thickness  direction.  The  metal  ring 
machined  by  Electric  Discharge  Machining  has  four  inward  arms  placed 
90°  apart  on  its  inner  circumference.  The  metal  and  piezoelectric  rings 
are  bonded  together,  but  the  arms  remain  free;  they  thus  behave  like 
cantilever  beams  [Fig.  3(b)].  The  length  and  cross-sectional  area  of 
each  arm  were  selected  such  that  the  resonance  frequency  of  the  second 
bending  mode  of  the  arms  is  close  to  the  resonance  frequency  of  the 
radial  mode  of  the  stator.  The  rotor  is  placed  at  the  center  of  the  stator 
and  rotates  when  an  electric  field  is  applied  at  a  frequency  between  the 
radial  and  bending  resonance  modes.  The  truncated  cone  shape  at  the 
rotor  end  guarantees  a  permanent  contact  with  the  tips  of  the  arms. 

The  operating  principle  of  this  motor  is  as  follows:  in  the 
contraction  cycle  of  the  stator,  the  four  arms  at  the  center  of  the  metal 
ring  clamp  the  rotor  and  push  it  in  the  tangential  direction.  Since  the 
radial  mode  frequency  of  the  stator  is  close  to  the  second  bending  mode 
frequency  of  the  arms,  the  respective  deformations  are  added  and  the 
tips  of  the  arms  bend  down.  In  the  expansion  cycle,  the  arms  release 
the  rotor  from  a  different  path  such  that  their  tips  describe  an  elliptical 
trajectory  on  the  surface  of  the  rotor.  This  motion  seems  to  be  a 
human  finger’s  grasping-and-rotating  action. 


(a) 


(b) 


Fig.  3  "Windmill"  motor  using  a  metal  coupler  with  multiple  inward  arms, 
(a)  Cross  sectional  view,  and  (b)  photos  of  various  size  stators  (3-20  mnu|>). 


Figure  4  shows  the  size  dependence  of  the  motor 
characteristics.  When  driven  at  160  kHz,  the  maximum  revolution 
2000  rpm  and  the  maximum  torque  0.8  niNm  were  obtained  for  a  5  mm 
<j>  motor.  Figure  5  shows  motor  characteristics  in  a  3  mm  <j>  motor 
plotted  as  a  function  of  load  torque.  A  starting  torque  of  17  pNm  is 
one  order  of  magnitude  higher  than  that  of  a  thin  film  motor  with  a 
similar  size  [12]. 


Fig.  4  Radial  mode  resonance  frequency,  no-load  speed  and  starting  torque 
vs.  diameter  of  the  stator,  measured  at  15.7  V. 


Fig.  5  Speed,  efficiency,  and  output  power  versus  load  torque  for  a  3  mm 
<t>  motor. 

PZT  Tube  Motor 

In  collaboration  with  Institute  of  Materials  Research  and 
Engineering,  Singapore,  we  developed  a  PZT  tube  motor  with  a  slim 
and  long  configuration  [13].  The  principle  is  similar  to  the  one 
proposed  by  Tokin  [14],  which  is  schematically  illustrated  in  Fig.  6. 
Four  segmented  electrodes  were  made  on  a  PZT  tube  (1.5  mm  or  2.2 
mm  in  outer  diameter)  uniformly  poled  along  the  radial  direction.  A 
rotary  bending  vibration  mode  was  excited  on  the  PZT  cylinder  by 


combining  sine  and  cosine  voltages  to  the  segmented  electrodes,  then 
two  rotors  were  made  to  contact  the  wobbling  tube  ends  for  achieving 
rotation.  The  motion  is  analogous  to  a  “dish-spinning”  performance. 


Fig.  6  Structure  of  a  PZT  tube  type  motor. 


Our  motor  with  1. 5/2.2  mm  in  diameter,  7  mm  in  length  and  0.3 
g  in  weight  could  generate  0.1  mNm  in  torque  and  1000-2000  rpm  in 
no-load  speed.  Table  I  summarized  the  specification  comparison  with 
other  commercialized  motors.  Our  motors  sustain  the  efficiency  more 
than  20%  in  this  size,  which  is  one  order  of  magnitude  higher  than  the 
electromagnetic  motors.  Compared  with  Seiko  motors,  the  PZT  tube 
type  exceeds  more  than  10  times  in  the  power  density  (output 
mechanical  energy/unit  volume). 


Table  I  Comparison  of  the  motor  specifications  from  Motorola,  Seiko 
Instruments,  and  ICAT/Penn  State. 


Motorola 

Electromagnetic 

Micromotor 

Seiko 

Ultrasonic 

Micromotor 

ICAT/PSU 

Ultrasonic 

Micromotor 

Outer  diameter  (nun) 

7 

8 

2.2 

Length  (mm) 

16 

4.5 

8 

Power  source  (V) 

1.5 

1.5*  3.5* 

3-6* 

(mA) 

126 

60  12 

2-5 

No-load  speed  (rpm) 

5000 

1200  1200 

1000-2000 

Starting  torque  (mN  m) 

A  IwnptoT1  r»-i  r/Miit 

0.075 

0.05  0.1 

0.1 

*  A  booster  circuit  is  required. 


Although  the  motor  characteristic  is  satisfactory  for  various 
applications  such  as  intra-vascular  medical  micro  surgery,  there  is  one 
big  problem,  that  is,  difficulty  in  manufacturing  fine  and  accurate  PZT 
tubes,  which  leads  to  the  expensive  manufacturing  cost. 

Metal  Tube  Motor 

In  order  to  lower  the  manufacturing  cost  with  keeping  the 
motor  performance,  we  have  developed  a  metal  tube  type,  as  shown  in 
Fig.  7(a)  [15].  Instead  of  the  PZT  tube,  we  utilized  a  metal  hollow 
cylinder,  bonded  with  two  PZT  rectangular  plates  uniformly  poled. 
Both  can  be  easily  found/prepared  and  cheap  in  price.  When  we  drive 
one  of  the  PZT  plates,  Plate  X,  a  bending  vibration  is  excited  basically 
along  x  axis.  However,  because  of  an  asymmetrical  mass  (Plate  Y), 
another  hybridized  bending  mode  is  excited  with  some  phase  lag  along 
y  axis,  leading  to  an  elliptical  locus  in  a  clockwise  direction.  On  the 
other  hand,  when  Plate  Y  is  driven,  counterclockwise  wobble  motion  is 
excited.  Also  note  that  only  a  single-phase  power  supply  is  required. 

The  rotor  of  this  motor  is  a  cylindrical  rod  with  a  pair  of 
stainless  ferrule  pressed  with  a  spring.  The  assembly  is  shown  in  Fig. 
7(b). 


Fig.  7  (a)  Structure  of  a  metal  tube  stator,  and  (b)  assembly  of  the  motor. 

The  no-load  speed  in  the  clockwise  and  counterclockwise 
directions  as  a  function  of  input  rms  voltage  was  measured  for  a  motor 
with  2.4  mm  <|>  in  diameter  and  12  mm  in  length.  The  motor  was  driven 
at  62.1  kHz  for  both  directions,  just  by  exchanging  the  drive  PZT  plate. 
The  no-load  speed  of  1800  rpm  and  the  output  torque  of  more  than  1.0 
mNm  were  obtained  at  80  V  for  both  directions.  This  significantly  high 
torque  was  obtained  due  the  dual  stator  configuration  and  the  high 
pressing  force  between  the  stator  and  rotors  made  of  metal. 


SUMMARY 

Ultrasonic  motors  are  characterized  by  “low  speed  and  high 
torque.”  Thus,  the  ultrasonic  motors  do  not  require  gear  mechanisms, 
leading  to  very  quiet  operation  and  space  saving.  Moreover,  high 
power/weight  ratio,  high  efficiency,  compact  size  and  light  weight  are 
very  promising  for  the  future  micro  actuators  adopted  to  catheter  or 
tele-surgery. 

We  introduced  here  three  compact  motors  recently  developed; 
flat  type  Windmill,  thin  &  long  PZT  tube,  and  its  cheaper  version,  metal 
tube.  For  the  further  applications  of  the  ultrasonic  motors,  systematic 
investigations  on  the  following  issues  will  be  required:  (1)  low  loss  & 
high  vibration  velocity  piezo-ceramics,  (2)  piezo-actuator  component 
designs  with  high  fracture  resistance,  (3)  ultrasonic  motor  designs 
(standing-wave  type,  frictional  contact),  and  (4)  inexpensive  and 
efficient  high  frequency/high  power  supplies. 
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ABSTRACT 

This  paper  presents  an  original  linear  piezoelectric  motor  for  applications  in  space  and 
robotics.  The  originality  of  this  motor  consists  in  the  combination  of  longitudinal  and  shear 
modes  of  vibration  of  the  stator.  These  two  modes  are  mixed  to  produce  an  elliptical  vibration  of 
the  surface  of  the  stator  in  contact  with  a  slider.  The  motion  of  the  linear  slider  is  obtained 
through  friction  forces  that  develop  at  the  interface  between  the  stator  and  the  slider. 

This  motor  is  being  developed  for  applications  in  active  truss  members  of  variable  geometry 
structures,  such  as  those  used  in  space.  Currently,  these  structures  employ  stepper  motors.  It  is 
expected  that  replacing  these  electromagnetic  devices  with  ultrasonic  motors  will  offer  the 
following  advantages:  position-locking  without  power  supply,  compactness,  nonmagnetic 
operation,  and  lower  power  consumption. 

This  paper  details  the  design  of  this  motor  and  emphasizes  the  novel  concept  that  was 
developed  to  combine  the  longitudinal  and  shear  modes  of  vibration. 

INTRODUCTION 

The  purpose  of  our  research  is  to  develop  ultrasonic  motors  that  will  be  used  in  1L-2L 
actuators  for  variable  geometry  structures.  These  actuators  are  found  in  deployable  truss 
structures  sent  into  space,  for  use  in  modular  habitation  units,  satellite  antennas,  cranes,  and  other 
structural  units.  At  the  present  time,  the  active  truss  members  that  are  used  to  deploy  and  retract 
these  structures  usually  employ  stepper  motors.  Our  motivation  was  to  replace  those  with 
ultrasonic  motors,  thereby  obtaining  the  following  advantages  over  the  electromagnetic  motors: 
more  compact  and  rugged  solid-state  design,  position-locking  without  power  supply,  lower 
power  consumption,  and  nonmagnetic  operation. 

The  most  fundamental  requirement  for  active  truss  members  is  that  they  be  able  to  double 
their  length  from  their  fully  retracted  state  to  their  fully  deployed  state.  This  is  why  we  refer  to 
them  as  1L-2L  actuators.  This  requirement  is  probably  higher  than  necessary,  since  in  most 
classical  variable  geometry  structures,  a  length  variation  of  square  root  of  two  is  often  sufficient, 
as  shown  in  Fig.  1. 

To  actuate  such  truss  members  by  means  of  an  ultrasonic  motor,  we  considered  the  following 
criteria: 

•  the  motor  should  be  embedded  into  the  truss  member;  this  would  result  in  a  more  compact 
truss  member  than  what  is  currently  used,  since  in  most  cases,  the  stepper  motor  is  fixed  to 
the  outside  of  the  truss 

•  the  motor  can  be  linear  or  rotary  (although  linear  would  result  in  a  simpler  system),  and  must 
provide  reversible  motion 

•  the  motor  should  deliver  a  large  force  (and  large  locking  force),  which  is  defined  according  to 
the  structure  size  and  function 
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Diagonal  actuators 


Longeron  actuators 


2L 


V2L 


^2L 


N  actuators 
are  required 


2N  actuators 
are  required 


N+l  actuators 
are  required 


Figure  1:  Classical  types  of  variable  geometry  structures 

In  the  first  section  of  this  paper,  we  briefly  review  existing  motor  designs  that  we  have 
considered  for  implementation  into  a  1L-2L  actuator.  Since  none  of  these  designs  seemed  to 
correspond  exactly  to  what  we  wanted,  we  decided  to  develop  a  new  ultrasonic  motor  that  would 
be  better  suited  to  our  application.  The  design  of  this  motor  is  thoroughly  discussed  in  the  next 
section  of  this  paper. 

Finally,  we  present  finite  element  results  and  preliminary  experimental  results  obtained  for 
this  motor  and  discuss  its  weak  and  strong  points. 

DESIGN  ASPECTS  AND  OPERATING  PRINCIPLE 


Background 

A  1L-2L  actuator  can  be  operated  either  with  a  rotary  motor  or  a  linear  motor.  In  the  case  of  a 
rotary  motor,  the  rotation  must  be  transformed  into  linear  motion  by  means  of  a  gear  or  a  screw 
assembly,  which  is  the  current  solution  employed  in  variable  geometry  structures. 

To  simplify  the  actuation  mechanism,  and  to  take  full  advantage  of  the  large  force  output 
offered  by  the  piezoelectric  motor  technology,  we  preferred  to  investigate  direct-drive  linear 
motors. 

Several  designs  of  linear  motors  have  been  explored.  We  can  cite,  for  instance,  the 
multi-mode  ultrasonic  motors  (MMUM)  that  combine  longitudinal  and  flexure  vibrations,  such 
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as  the  L1B2  and  L1B4  [2,3,4].  These  motors  have  a  low  profile,  and  could  be  implemented  in  a 
1L-2L  actuator.  Variations  of  the  L1B4  design  could  offer  interesting  actuation  possibilities  [5]. 
Unfortunately,  because  they  use  a  low-coupled  bending  mode,  such  motors  usually  have  a  small 
force  output.  They  would  therefore  not  be  suitable  for  implementation  in  active  truss  members. 

Other  linear  motors,  such  as  the  71-shaped  ultrasonic  motor  [6]  or  Cedrat  Recherche’s 
ring-shaped  motor  [7],  offer  stronger  force  outputs  and  would  be  valid  candidates  for  application 
in  truss  members,  but  we  were  more  interested  in  another  class  of  motors:  the  hybrid-type 
ultrasonic  motors  (HTUM).  These  motors,  usually  rotary,  display  large  torques  [8,9,10].  The 
large  torque  is  obtained  by  mixing  a  longitudinal  vibration  with  a  torsional  vibration  of  a 
Langevin-type  transducer.  The  reason  for  using  these  two  vibrations  is  that  they  are  well  coupled 
with  the  piezoelectric  element.  Indeed,  the  k33  and  k15  intrinsic  coupling  coefficients  of  a 
hard-type  PZT  ceramic  are  larger  than  the  ki3,  which  is  used  in  popular  traveling-wave  type 
motors  (TWUM). 

It  is  important  to  note  that,  in  general,  HTUMs  use  only  one  resonance  mode.  Indeed,  the  first 
torsion  mode  of  the  stator  is  mixed  with  an  off-resonance  longitudinal  vibration.  Therefore,  even 
though  these  motors  exhibit  interesting  characteristics,  it  is  certainly  possible  to  improve  them  if 
shear  (or  torsion)  and  longitudinal  vibrations  can  be  combined  at  the  resonance  of  both  modes. 


Modal  Frequencies 


The  ultrasonic  motor  we  propose  is  a  compact  multi-mode  ultrasonic  motor  (MMUM)  that  is 
operated  by  mixing  the  first  longitudinal  mode  of  a  clamped-free  bar  with  its  first  shear  mode. 
For  this  motor  to  be  successful,  it  is  necessary  that  these  two  modes  be  matched,  i.e.  that  their 
respective  resonance  frequencies  be  identical,  or  at  least  within  a  few  hundred  hertz. 

The  longitudinal  modes  of  a  clamped-free  bar  are  given  by  the  following  expression  [1 1]: 

A  =  2(i~2lK  *  =  1,2, 3...  (1) 


where  L  is  the  length  of  the  bar,  E  the  Young’s  modulus  of  the  isotropic  material  that  makes 
the  bar  and  p  its  density. 

The  shear  modes  of  the  same  bar  in  the  same  conditions,  granted  that  the  bar  is  sufficiently 
short  for  pure  shear  to  be  assumed,  are  given  by: 


,  h  [KG 
Js'  ~  2nL  V  6 


with  h  = 


20-1)71 


,i  =  1,2,3... 


(2) 


where  G  is  the  shear  modulus  of  the  bar’s  material  and  K  a  factor  of  shape  of  the  bar’s 
cross-section. 

Using  these  simple  relations,  we  immediately  notice  that  the  shear  and  longitudinal  modes  of 
the  bar  both  depend  on  the  same  geometry  and  material  parameters  and  in  the  same  proportion. 
Also,  if  we  consider  a  bar  with  a  rectangular  cross-section,  then: 


and  taking: 


we  obtain: 


r  10(1  + v) 

A~  12  +  llv 

(3) 

r  E 

2(1 +v) 

(4) 

(5) 
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This  shows  that  the  first  shear  mode  has  a  frequency  of  almost  half  that  of  the  first  longitudinal 
mode.  In  other  words,  it  is  not  possible  to  match  the  shear  and  longitudinal  modes  in  the  bar, 
unless  material  properties  or  boundary  conditions  are  modified. 

To  match  the  two  modes,  we  can  consider  the  following  options: 

•  use  an  anisotropic  material,  with  a  shear  modulus  approximately  two  times  larger  than  its 
longitudinal  elastic  modulus;  fiber-reinforced  polymers  could  be  used  to  achieve  such 
properties 

•  modify  the  boundary  conditions  of  the  system  to  decouple  the  two  modes;  in  this  case,  the 
above  equations  no  longer  apply,  and  the  two  modes  can  be  tuned  more  easily 

We  decided  to  select  the  second  method,  and  decoupled  of  file  two  modes  by  adding  arms  on 
the  side  of  the  structure,  as  it  is  shown  in  Fig.  2.  These  arms  significantly  increase  the  stiffness 
of  the  stator  in  the  shear  direction  without  appreciably  modifying  the  stiffness  of  the  stator  in  the 
longitudinal  direction.  By  selecting  the  size  and  position  of  these  arms,  it  becomes  possible  to 
match  the  longitudinal  and  shear  modes  of  the  stator. 


Contact  Surface  Steel 


Figure  2:  Stator  of  the  proposed  ultrasonic  motor  with  the  boundary  conditions  and  the 

electrical  connections 


Figure  3:  (left)  Mode  shape  for  the  longitudinal  mode;  (right)  Mode  shape  for  the  shear  mode 
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The  matching  of  the  two  resonance  modes  is  obtained  by  performing  finite  element 
computations  on  the  stator.  The  results  are  shown  in  Fig.  3,  where  we  show  the  mode  shape 
obtained  for  each  mode.  These  computations  were  performed  with  the  Atila  finite  element 
program  [12],  which  takes  into  account  the  piezoelectric  coupling  of  the  ceramic  elements.  The 
frequencies  and  effective  coupling  factors  obtained  are  given  in  Table  1. 


Resonance 

Antiresonance 

Effective 

Coupling 

Coefficient 

Frequency 

Frequency 

(kHz) 

(kHz) 

(%> 

Longitudinal  Mode 

54.43 

56.28 

25.4 

Shear  Mode 

54.46 

55.57 

19.9 

Table  1:  Finite  element  results  for  the  modal  response  of  the  structure 


Active  Elements 

Another  important  aspect  of  the  design  concerns  the  dimensioning  of  the  piezoelectric 
elements.  The  expansion  of  a  rod  in  its  longitudinal  mode  can  be  approximated  as: 

a  =  QdyiEiL  (5) 

where  Q  represents  the  amplification  obtained  at  resonance.  According  to  this  expression,  and 
using  material  values  found  in  commercial  hard-type  piezoelectric  ceramics  (d33  ~  300  pC/N),  we 
find  that  a  length  L  =  5  mm  and  Q=  100  are  sufficient  to  obtain  at  least  2  pul  of  expansion, 
which  is  the  minimum  level  required  to  operate  the  motor. 

The  same  approach  can  be  used  to  determine  the  transverse  displacement  obtained  with  the 
shear  mode.  Using  finite  element  modeling  to  confirm  these  estimates,  we  find  that  using  a 
length!,  =  5  mm  is  satisfactory,  as  shown  in  Tables  2  and  3.  Table  2  gives  the  longitudinal  and 
transverse  displacements  computed  when  each  mode  is  excited  independently  at  its  own 
resonance  frequency.  This  table  clearly  indicates  that  the  longitudinal  and  transverse 
displacements  are  completely  decoupled.  Table  3  gives  the  displacements  when  the  two  modes 
are  excited  at  the  same  time,  with  a  phase  shift  of  90°  between  die  two  input  signals.  The 
frequency  selected  for  this  computation  was  54.44  kHz. 


Longitudinal  Mode 
nm/V 

Shear  Mode 

nm/V 

Longitudinal  Displacement 

127 

0 

Transverse  Displacement 

0 

176 

Table  2:  Finite  element  results  for  the  displacements  when  each  mode  is  excited  independently 


Displacement 

nm/V 

Longitudinal  direction 

in 

Transverse  direction 

115 

Table  3:  Finite  element  results  for  the  displacement  when  the  two  modes  are  excited  at  54.44 

kHz  with  a  90°  phase  shift 
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Boundary  Conditions 


In  the  proposed  design,  the  stator  is  clamped  at  the  bottom  and  at  the  two  side  arms.  The  role 
of  the  side  arms  is  to  decouple  the  shear  mode  from  the  longitudinal  mode  in  the  bar.  The 
decoupling  effect  is  clearly  visible  in  the  results  of  the  finite  element  analysis  shown  in  Fig.  3. 

These  clamping  boundary  conditions  clearly  constitute  weakness  of  the  design,  because  they 
may  become  difficult  to  achieve  in  the  final  device.  Special  attention  is  therefore  needed  when 
installing  the  stator  onto  its  support. 

Operating  Principle 

The  operating  principle  of  the  motor  is  shown  in  Fig.  4.  It  follows  classical  MMUM 
operating  rules:  two  electric  signals  with  a  90°  phase  shift  excite  two  piezoelectric  elements.  The 
longitudinally  poled  piezoelectric  element  produces  the  longitudinal  vibration  of  the  stator,  and 
the  transversely  poled  piezoelectric  element  produces  the  shear  vibration  of  the  stator.  As  a 
result  of  the  mixing  of  these  two  vibrations,  an  elliptical  motion  is  obtained  at  the  top  of  the 
stator.  Motion  is  then  transferred  to  a  linear  slider  via  friction  forces  that  develop  at  the  interface 
between  the  two  bodies. 


Figure  4:  Operating  principle  of  the  Longitudinal-Shear  motor 
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Preliminary  Experimental  Results 


The  experimental  setup  is  shown  in  Fig.  5.  This  setup  will  be  used  to  test  the  motor  force 
output  under  various  conditions  of  mechanical  prestress.  This  setup  will  also  allow  us  to  test 
various  friction  materials. 


Figure  5:  Linear  ultrasonic  motor  test  setup 


Prelimary  results  were  obtained  with  this  setup  in  unloaded  conditions,  which  are  achieved  by 
removing  the  slider.  Results  using  a  laser  interferometer  indicated  that  an  elliptical  vibration 
could  be  formed  at  the  top  of  the  stator,  as  shown  in  Fig.  6.  Due  to  problems  during  the 
fabrication  of  the  stator,  it  appeared  that  the  modes  were  not  sufficiently  matched.  This 
prevented  obtaining  further  results  with  the  current  prototype. 


- =86-1 - 

Transverse  Displacement  (nm) 


Figure  6:  Measured  ellipse  at  the  top  of  the  stator  under  low-field  excitation 
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CONCLUSIONS 


We  have  presented  an  original  design  concept  for  a  linear  ultrasonic  motor.  Characteristics  of 
this  motor  are:  compact  and  direct-drive  design,  reversible  motion  by  control  of  the  phase 
between  the  two  electric  input  ports,  and  nonmagnetic  operation. 

One  of  the  major  difficulties  of  the  proposed  design  concerns  the  boundary  conditions,  which 
may  be  difficult  to  implement  in  the  real  device.  The  quality  of  the  tuning  of  the  longitudinal 
and  shear  resonances  depends  in  large  part  on  achieving  these  boundary  conditions. 

On  the  other  hand,  the  proposed  design  is  extremely  simple  and  relatively  easy  to 
manufacture.  It  is  expected  that  this  design  will  also  be  easy  to  scale  up  and  down  to  address 
various  implementation  issues. 
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Abstract — This  paper  presents  a  new  piezoelectric  micro¬ 
motor  design,  in  which  uniformly  elect roded  piezoelectric 
ring  bonded  to  a  metal  ring  is  used  as  the  stator.  Four 
inward  arms  at  the  inner  circumference  of  the  metal  ring 
transfer  radial  displacements  into  tangential  displacements. 
The  rotor  ends  in  a  truncated  cone  shape  and  touches  the 
tips  of  the  arms.  A  rotation  takes  place  by  exciting  cou¬ 
pled  modes  of  the  stator  element,  such  as  a  radial  mode 
and  a  second  bending  mode  of  the  arms.  The  behavior  of 
the  free  stator  was  analyzed  using  the  ATIL A  finite  element 
software.  Torque  vs.  speed  relationship  was  measured  from 
the  transient  speed  change  with  a  motor  load.  A  starting 
torque  of  17  pNm  was  obtained  at  20  Vrms.  The  main  fea¬ 
tures  of  this  motor  are  low  cost  and  easy  assembly  because 
of  a  simple  structure  and  small  number  of  components. 

I.  Introduction 

Ultrasonic  motors  are  generally  categorized  as 
travelling-wave  or  standing-wave  types  according  to 
the  type  of  vibration  wave  used  on  the  stator.  Currently, 
most  miniaturized  motors  utilize  a  travelling  elastic  wave 
[1],  [2]  and  present  two  major  drawbacks.  First,  the  piezo¬ 
electric  element  of  a  travelling-wave  motor,  typically  an 
annular  ring,  must  be  divided  in  sectors  poled  in  alter¬ 
nately  opposite  directions.  This  makes  the  poling  process 
complicated  and  damages  many  samples.  Second,  to  pro¬ 
duce  a  travelling  wave  on  a  vibrating  piezoelectric  element, 
at  least  two  AC  power  sources  with  a  90-degree  phase  dif¬ 
ference,  both  in  time  and  space,  are  required.  This  results 
in  a  more  complex  drive  and  wiring. 

Another  important  factor  in  the  miniaturization  of 
piezoelectric  ultrasonic  motors  comes  from  the  maximum 
level  of  vibrations  that  can  be  obtained  from  a  piezoelectric 
element.  The  maximum  vibration  velocity  of  the  piezoce¬ 
ramic  limits  the  vibration  amplitude  [3].  As  the  size  of 
a  piezoelectric  ultrasonic  motor  decreases,  the  resonance 
frequency  of  its  stator  increases.  The  vibration  level,  how¬ 
ever,  cannot  be  increased  beyond  a  certain  vibration  ve¬ 
locity  due  to  the  limitation  of  the  piezoelectric  material. 
Therefore,  a  vibration  magnification  and  transformation 
mechanism  (vibration  concentrator)  is  necessary  on  a  sta¬ 
tor  element  to  amplify  vibration  amplitude  on  the  piezo¬ 
ceramic  material  similar  to  projection  teeth  on  the  stator 
elements  of  traveling  wave  motors. 
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An  alternative  design  to  miniature  piezoelectric  motors 
consists  of  PZT  thin  films  [4],  [5],  even  though  their  prop¬ 
erties  are  inferior  to  those  of  bulk  piezoelectric  ceramics. 
However,  the  performance  of  thin-film  motors  is  on  the  way 
of  improvement  in  parallel  with  quality  of  thin  films  [6] ,  [7] . 

In  order  to  miniaturize  piezoelectric  motors,  we  used 
a  bulk  piezoelectric  material  and  took  the  following  ap¬ 
proaches:  the  structure  of  the  active  piezoelectric  element, 
including  its  poling  configuration,  should  be  simple  to  be 
manufactured  in  small  size;  the  number  of  components 
used  in  the  motor  should  be  as  few  as  possible  to  decrease 
the  production  cost.  We  proposed  such  an  ultrasonic  mo¬ 
tor  design  using  a  metal-ceramic  composite  structure  [8]. 
The  stator  in  that  motor  consisted  of  a  piezoelectric  ring, 
poled  uniformly  in  its  thickness  direction,  bonded  to  two 
metal  endcaps.  Due  to  the  multi-mode  excitation  (radial 
mode  of  the  piezoelectric  ring  and  bending  mode  of  the 
metal  endcaps),  an  elliptical  motion  was  generated  at  the 
center  of  the  top  endcap  where  the  rotor  was  placed. 

The  operating  principle  and  structure  of  the  motor  pre¬ 
sented  in  this  work  is  similar  to  our  previous  design.  How¬ 
ever,  in  this  new  design,  only  one  metal  endcap  was  used. 
It  was  bonded  to  the  piezoelectric  ring  and  its  center  part 
was  removed.  Finally,  the  size  of  the  stator  vibrator  was 
decreased  to  a  diameter  of  3.0  mm. 

The  structure  and  operating  principle  of  the  motor  are 
provided  first,  then  the  finite  element  analysis  of  the  stator 
vibrator  is  presented.  The  motor  characteristics  obtained 
with  the  transient  response  method  are  described  last. 

II.  Structure  and  Operating  Principle 
of  the  Motor 

The  motor  is  composed  of  four  components:  stator,  ro¬ 
tor,  ball-bearing,  and  housing  unit  (Fig.  1).  The  key  ele¬ 
ment  to  this  motor  is  a  multifunctional  stator,  which  has 
a  metal-piezoelectric  composite  structure.  The  piezoelec¬ 
tric  part  has  a  simple  structure  of  a  ring  electroded  on 
its  top  and  bottom  surfaces  (<£  3.0  mm)  poled  uniformly 
in  the  thickness  direction  (Table  I).  The  metal  ring,  the 
dimensions  are  shown  in  Fig.  2,  is  machined  using  elec¬ 
tric  discharge  machining  (EDM).  It  has  four  inward  arms 
placed  90°  apart  on  its  inner  circumference.  The  metal 
and  piezoelectric  rings  are  bonded  together,  but  the  arms 
remain  free;  they  thus  behave  like  cantilever  beams.  The 
length  and  cross-sectional  area  of  each  arm  were  selected 
such  that  the  resonance  frequency  of  the  second  bending 
mode  of  the  arms  is  close  to  the  resonance  frequency  of  the 
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TABLE  I 

Dimensions  of  the  Stator. 


Outer  diameter  of  piezoelectric  ring 

Rop 

3.0  mm 

Inner  diameter  of  piezoelectric  ring 

Rip 

1.5  mm 

Thickness  of  piezoelectric  ring 

tP 

0.5  mm 

Outer  diameter  of  metal  (brass)  ring 

Rom 

3.0  mm 

Inner  diameter  of  metal  ring 

Rim 

2.4  mm 

Thickness  of  metal  ring 

tm 

0.15  mm 

Length  of  the  arm 

L 

1.02  mm 

Radius  of  the  circular  part  at  the  tip  of  the  arms 

r 

0.5  mm 

Width  of  the  arm 

wm 

0.4  mm 

Angle  between  arm  and  radial  force  direction 

V 

25° 

Angle  between  tips  of  the  arm  and  radial  force  direction 

6 

28.7° 

Tapering  angle  at  the  tips  of  the  arms 

a 

17° 

radial  mode  of  the  stator.  The  rotor  is  placed  at  the  center 
of  the  stator  and  rotates  when  an  electric  field  is  applied 
at  a  frequency  between  the  radial  and  bending  resonance 
modes.  The  truncated  cone  shape  at  the  end  of  the  rotor 
guarantees  a  permanent  contact  with  the  tips  of  the  arms. 

The  operating  principle  of  this  motor  is  as  follows:  in  the 
contraction  cycle  of  the  stator,  the  four  arms  at  the  center 
of  the  metal  endcap  clamp  the  rotor  and  push  it  in  the 
tangential  direction.  Because  the  radial  mode  frequency  of 
the  stator  is  close  to  the  second  bending  mode  frequency 
of  the  arms,  the  respective  deformations  are  added  and  the 
tips  of  the  arms  bend  down.  In  the  expansion  cycle,  the 
arms  release  the  rotor  from  a  different  path  such  that  their 
tips  describe  an  elliptical  trajectory  on  the  surface  of  the 
rotor. 

A.  Design  of  the  Arms  at  the  Inner 
Circumference  of  the  Metal  Ring 

The  length  of  the  inward  arms  was  chosen  such  that 
the  resonance  frequency  of  the  second  bending  mode  of 
each  individual  arm  neighbors  the  resonance  frequency  of 
the  first  radial  mode  of  the  stator.  Using  this  strategy,  it 
becomes  possible  to  produce  multi-mode  excitations  with 
only  a  single  electrical  source  [9],  [10],  If  we  assume  that 
each  arm  behaves  like  a  simply  cantilevered  elastic  beam, 
their  bending  frequencies  can  be  estimated  according  to 
the  following  expression  [11]: 


frequencies  of  the  arms  are  estimated  at  90.2,  494.1,  and 
1380  kHz.  The  second  bending  mode  frequency  of  the  arms 
is  close  to  the  stator’s  radial  mode  resonance  frequency, 
which  is  461  kHz. 

B.  Force  Transformation  Mechanism 

The  force  in  the  radial  direction  generated  by  the  stator 
is  transferred  to  the  tangential  direction  at  the  periphery  of 
the  rotor  via  a  mechanism,  which  is  analogous  to  a  slider- 
crank  mechanism,  assuming  that  the  inward  arms  and  the 
rotor  are  rigid  (Fig.  2).  When  the  stator  is  electrically  ex¬ 
cited  to  generate  ultrasonic  vibrations  at  its  radial  mode 
resonance  frequency,  the  piezoelectric  and  metal  rings  ex¬ 
pand  and  contract  in  the  radial  direction.  The  stator  force 
due  to  the  piezoelectric  effect  in  the  radial  direction  is 
transferred  to  the  rotor  via  the  inward  arms.  Because  of 
the  angular  orientation  of  the  arms  (angle  ip  with  respect 
to  the  radial  direction),  there  are  normal  and  tangential 
force  components  at  the  periphery  of  the  rotor.  The  nor¬ 
mal  (N2)  and  tangential  (T2)  force  components  at  the  ro¬ 
tor  surface  are  calculated  as  a  function  of  the  angles  cj)  (the 
angle  between  the  origin  of  an  arm  and  the  contact  point 
with  the  rotor),  ip  and  the  radial  force  Fa- 

T2  =  Fa  cos (ip)  sin (6  -b  y?),  (3a) 

N2  =  Fa  cos  (ip)  cos(0  +  ip).  (3b) 

The  normal  force  on  the  rotor  surface  is: 


Wbi 


K  [eK 

l2  y  12 P 


(i) 


where,  L,  tm,  p  and  E  represent  the  length,  thickness,  den¬ 
sity,  and  Young  Modulus  of  the  beam,  respectively.  The 
frequency  constants  X^s  are  determined  from  the  follow¬ 
ing  equation: 


CosXnCoshXn  =  —1.  (2) 

The  first  three  values  of  the  X^fs  are  3.516,  22.03,  and 
61.7.  Using  these  values  and  the  dimensions  and  mechan¬ 
ical  properties  of  the  arms,  the  first  three  bending  mode 


N$  =  Fa  cos (ip)cos(6  -f  yp)cos(a).  (4) 

Because  the  length,  width,  and  thickness  of  the  arms  as 
well  as  the  radius  of  the  rotor,  which  touches  tangentially 
to  the  arms,  are  fixed  to  match  the  bending  frequency  of 
the  arms  to  the  radial  mode  resonance  frequency  of  the  sta¬ 
tor,  the  angles  0  and  ip  were  decided  automatically.  Small 
<p  and  large  6  values  are  desirable  to  increase  tangential 
force  T2,  because  the  normal  force  between  stator  and  ro¬ 
tor  can  be  controlled  by  static  pressing  force  F at. 

The  maximum  torque  that  the  motor  can  generate  is 
limited  by  the  static  pressing  force,  which  is  provided  by 
Fn/  sin  a  where  a  is  the  taper  angle  at  the  tips  of  the  arms 
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(a) 


(b) 


Fig.  2.  Top  and  cross-sectional  view  of  the  stator  vibrator.  The  metal 
ring  is  bonded  to  a  piezoelectric  ring  from  its  outer  circumference. 
Interface  between  inwardly  directed  arms  and  piezoelectric  ring  needs 
to  be  empty.  Force  is  transferred  from  radial  to  tangential  direction 
through  the  arms. 


Because  the  normal  force  and  the  geometrical  parame¬ 
ters  used  in  the  above  expressions  are  all  known,  the  fric¬ 
tion  constant  can  be  estimated  after  measuring  the  stop¬ 
ping  time  of  the  motor,  that  is,  after  measuring  the  block¬ 
ing  torque  of  the  motor. 


Fig.  1.  (a)  Encapsulated  motor  next  to  a  0.5  mm  metallic  pencil 
(steel  housing  was  coated  with  an  epoxy  insulator),  (b)  Structure  of 
the  motor  showing  the  number  of  components. 


III.  Finite  Element  Analysis 


ranging  from  10  to  30  degrees  (17  degrees  for  this  experi¬ 
ment).  The  stator  and  the  rotor  contact  surfaces  are  two 
mating  cones  kept  in  contact  by  the  normal  force.  They 
thus  constitute  a  conical  clutch  mechanism.  The  relation 
between  the  normal  force  Fn  and  torque  capacity  T  is 
known  by  the  following  equation  [12]: 


rp Fn  rg  +  n 

f  .  n 

sm  a  2 


(5) 


where,  fi,  rQ,  and  r,  are  friction  coefficient,  outer  and  inner 
radii  of  the  rotor  contact  surface,  respectively.  The  above 
torque,  which  is  also  called  blocking  torque,  is  the  maxi¬ 
mum  torque  this  motor  can  generate. 


In  order  to  verify  the  conceptual  operation  principle  de¬ 
scribed  in  the  previous  section,  the  ATILA  finite  element 
code  was  used  extensively  to  analyze  the  behavior  of  the 
stator  and  the  vibration  transformation  mechanism  at  the 
tips  of  the  arms.  Because  of  the  asymmetrical  behavior  of 
the  structure  and  the  angular  orientation  of  the  inward 
arms,  we  modeled  the  entire  stator.  Fig.  3  shows  the  3D 
mesh  of  the  free  stator.  The  total  number  of  nodes  and  sec¬ 
ond  order  brick  elements  used  in  the  model  were  2036  and 
256,  respectively,  which  caused  computation  times  to  be 
long  (20  min  per  frequency,  approximately).  The  dimen¬ 
sions  and  material  properties  used  for  modeling  are  given 
in  Tables  I  and  II.  The  epoxy  layer  between  the  metal  and 
piezoelectric  ring  was  not  included  in  the  model. 
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Fig.  3.  ATILA  3D  mesh  of  the  stator  vibrator  (256  brick  elements 
were  used  in  the  model  with  2036  nodes). 


Freq  (kHz) 


TABLE  II 

Physical  and  Piezoelectric  Properties  of  Ceramic  Material 
(APC  International  Ltd.). 


Parameter 

Symbol 

Units 

APC  841 

Relative  permittivity 

£I?/e0 

efi/eo 

1 

1380 

1 

1490 

Dielectric  loss 

Tan  5 

% 

.35 

Coupling  factors 

kp 

I 

.56 

k3i 

I 

.32 

k33 

I 

.65 

kis 

i 

.65 

Piezoelectric  strain 

kL 

i 

.48 

constants 

— d3i 
d33 

10_12C/N 

109 

323 

Stiffness 

cE 

°33 

11.7 

Constants 

10-12m2/N 

17.3 

Mechanical  quality  factor 

Qm 

I 

1400 

Density 

P 

g/cc 

7.9 

Freq  (kHz) 


A.  Admittance  Spectrum 

The  computed  and  experimental  admittance  spectra  of 
the  stator  are  compared  in  Figs.  4a  and  b,  respectively. 
Fig.  4  shows  that  the  3D  finite  element  model  estimates 
all  modes  generated  by  the  stator.  It  also  makes  it  possi¬ 
ble  to  identify  some  of  these  resonance  modes  [Fig.  4(a)]. 
For  instance,  the  highest  peak  at  477  kHz  is  the  radial 
mode  of  the  stator;  the  mode  shape  is  shown  in  Fig.  5(a). 
Because  only  one  side  of  the  piezoelectric  ring  is  mechan¬ 
ically  loaded  (the  metal  ring  was  bonded  to  one  side  of 
the  piezoelectric  ring),  the  displacement  is  not  purely  in 
plane.  The  stator  takes  a  convex/concave  shape  as  it  con¬ 
tracts  and  expands  in  the  radial  direction.  Also,  a  flexure 
mode  is  generated  on  the  ring  because  the  arms  are  located 
in  four  discrete  locations  [Fig.  5(b)].  This  mode,  which  is 
very  close  to  the  radial  mode  of  the  stator,  is  excited  at 
489  kHz  and  is  the  second  peak  in  Fig.  4(a).  The  third 
peak  on  the  admittance  spectrum  corresponds  to  the  sec¬ 
ond  bending  mode  of  the  arms,  which  is  shown  in  Fig.  5(c). 
A  (4,l)-like  flexure  mode  also  is  excited  in  the  ring  at  the 


Fig.  4.  (a)  Calculated  admittance  spectrums  of  the  free  stator,  b) 
measured  admittance  spectrums  of  the  free  stator  and  the  motor 
(thick  line). 

bending  mode  frequency  of  the  arms,  which  bend  in  the 
width  direction. 

Although  the  fundamental  radial  resonance  mode  was 
estimated  within  less  than  5%  error,  magnitudes  of  the 
motional  admittance  values  are  not  so  good.  Because  the 
epoxy  layer  between  the  piezoelectric  ring  and  the  metal 
ring,  as  well  as  the  damping  caused  by  the  cable  connec¬ 
tions,  were  not  included  in  the  finite  element  model,  the 
losses  in  the  FEA  are  less  than  in  the  experimental  struc¬ 
ture.  As  a  result,  the  calculated  motional  admittance  val¬ 
ues  are  larger  than  the  measured  ones.  Nevertheless,  the 
magnitude  of  calculated  off-resonance  admittance  matches 
very  closely  to  the  measured  admittance. 

B.  Displacement  Transformation  Mechanism 

In  order  to  better  understand  the  mechanism  of  trans¬ 
formation  of  the  displacements  that  takes  place  at  the 
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Fig.  5.  Top  view  of  calculated  mode  shapes  of  the  free  stator,  (a) 
Mode  shapes  at  fundamental  radial  resonance  frequency  at  477  kHz. 
Nonsymmetric  structure  of  the  metal  ring  distorts  radial  mode  shape 
and  causes  the  stator  to  take  a  convex/concave  shape,  (b)  A  flexure 
mode  close  to  radial  mode  resonance  at  490  kHz.  (c)  Mode  shape 
corresponds  to  bending  mode  resonance  frequency  of  the  arms  at 
504  kHz.  (d)  Another  flexural  mode  at  569  kHz  of  the  stator  in 
lateral  direction  corresponding  to  the  bending  mode  of  the  arms  in 
the  width  direction. 


stator/rotor  interface  (from  the  radial  to  the  tangential 
direction),  displacements  versus  frequency  were  also  cal¬ 
culated  using  harmonic  analyses  of  the  ATILA  code.  The 
calculated  displacement  spectrum  at  nodes  101  and  854 
are  shown  in  Figs.  6(a)  and  (b).  The  node  numbers  101 
and  854  are  nodes  on  the  inner  circumference  of  the  metal 
ring,  at  which  the  inward  arms  are  connected,  and  on  the 
tip  of  one  arm,  respectively  (Fig.  3).  Figs.  6(a)  and  (b) 
illustrate  the  displacement  magnitudes  of  the  arms  as  a 
function  of  frequency.  For  instance,  the  displacements  in 
the  z-axis  are  amplified  for  the  second  and  third  peaks  of 
Fig.  6(a)  and  (b).  This  is  due  to  the  flexural  mode  of  the 
stator  and  the  bending  modes  of  the  metal  arms.  Elliptical 
trajectories  at  nodes  101  and  854  were  calculated  for  three 
different  frequencies  (477,  490,  and  500  kHz)  and  plotted 
in  Fig.  7,  which  also  demonstrates  that  the  magnitudes  of 
the  elliptical  trajectories  are  amplified  at  the  tips  of  the 
arms. 


IV.  Motor  Characteristics 

When  a  motor  size  is  decreased,  characterizing  the  mo¬ 
tor  becomes  more  difficult.  A  noncontact  characterization 
method,  which  was  initially  proposed  by  Nakamura  et 
al.  [13],  was  used  to  characterize  the  motor.  The  princi¬ 
ple  of  this  method  consists  of  mounting  a  load  (usually  a 
disk  whose  moment  of  inertia  is  known)  onto  the  motor, 
running  the  motor,  then,  analyzing  the  transient  speed 
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Fig.  6.  Magnitude  of  calculated  displacement  spectrums  (a)  at  node 
101,  and  (b)  at  node  854  (for  location  of  nodes  101  and  854,  see 
Fig.  3). 


Node  #854 


Fig.  7.  Transformation  and  amplification  of  elliptical  trajectories 
from  circumference  of  the  stator  (node  101)  to  the  tips  of  the  arms 
(node  854)  at  frequencies:  477,  490,  and  500  kHz  (for  location  of  node 
101  and  854,  see  Fig.  3). 
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obtained  as  a  function  of  time.  More  explicitly,  the  angu¬ 
lar  acceleration  of  the  motor  can  be  calculated  by  taking 
derivative  of  the  measured  speed.  The  transient  torque  is 
then  calculated  by  multiplying  the  angular  acceleration  by 
the  moment  of  inertia  of  the  load,  which  is  known.  Using 
this  method,  the  starting  transient  response  of  the  motor 
gives  the  speed-torque  relation.  Similarly,  the  friction  coef¬ 
ficient  between  the  rotor  and  the  stator  is  estimated  from 
the  transient  response  for  stopping  the  motor. 

Instantaneous  output  mechanical  power  (Pout)  also  can 
be  calculated  by  multiplying  torque  (T)  with  angular  speed 
(ft).  Input  electrical  power  (Pin)  is  calculated  from  mea¬ 
sured  input  voltage,  current,  and  phase  angle  between 
them.  Prom  input  and  output  powers,  the  efficiency  can 
be  calculated  by  dividing  output  mechanical  power  to  in¬ 
put  electrical  power. 

A.  Estimation  of  Load  Characteristics 

The  load  consists  of  a  metal  disk  (10  g)  with  a  high 
moment  of  inertia  (0.2  kg*mm2)  compared  to  that  of  the 
rotor.  It  is  mounted  onto  the  stator  (0.25  g)  and  guided  by 
two  ball  bearings.  The  motor,  whose  frequency  spectrum 
is  shown  in  Fig.  4(b)  (thick  line),  was  driven  with  an  AC 
voltage  of  20  V  at  468  kHz. 

The  position  of  the  loaded  motor  is  detected  in  a  form 
of  square  pulses  through  an  optical  sensor  (OMRON  EE- 
SPZ401Y)  that  utilizes  a  photocell  pair.  The  frequency 
of  the  square  wave,  which  is  proportional  to  the  position, 
was  converted  into  voltage  using  a  frequency-to-voltage 
converter.  Because  the  output  voltage  of  the  converter  is 
proportional  to  the  input  frequency,  the  transient  speed  of 
the  motor  was  obtained  with  a  simple  gain  factor.  Second 
derivative  of  the  recorded  data  gives  the  angular  accel¬ 
eration.  The  product  of  the  angular  acceleration  and  the 
moment  of  inertia  of  the  rotating  disk  (I)  give  the  motor 
transient  torque. 

A  typical  transient  response  of  the  motor  under  loaded 
condition  is  shown  in  Fig.  8.  An  exponential  curve  fits  the 
transient  speed  of  the  rotor: 

ft  =  ft0(l  -  exp(t/rr))  (6) 

where,  ft0  is  the  steady-state  speed  and  rr  is  the  time  con¬ 
stant,  which  can  be  found  by  trial  and  error.  The  initial 
value  of  rr  can  be  chosen  as  a  quarter  of  the  rise  time. 
Then,  it  can  be  adjusted  to  obtain  the  best  fit.  For  this  par¬ 
ticular  measurement,  fto  and  rr  were  found  as  62  rad/sec 
and  0.74  sec,  respectively. 

A  blocking  torque  of  25  /xNm  was  obtained  from  the 
stopping  time  of  the  motor.  Substituting  25  ^Nm  in  the 
torque  capacity  (5),  gives  an  estimate  of  the  friction  con¬ 
stant  as  0.15.  This  number  is  almost  half  of  the  expected 
friction  constant  between  brass  (stator)  and  steel  (rotor). 
The  load  characteristics  obtained  from  the  transient  speed 
are  shown  in  Fig.  9.  A  starting  torque  of  17  /iNm  is  one 
order  of  magnitude  higher  than  that  of  a  thin  film  motor 
with  a  similar  size  [7]. 


Fig.  8.  Experiment  setup  to  characterize  small  size  motor  using  tran¬ 
sient  response  method. 


Time  (sec) 

Fig.  9.  Transient  response  of  the  motor  at  20V.  Transient  speed  was 
curve  fitted  to  an  exponential  function. 


The  difference  between  blocking  torque  (25  /tNm)  and 
starting  torque  (17  /zNm)  states  that  the  arms,  which 
were  chosen  thin  enough  to  match  their  bending  mode  fre¬ 
quency  to  the  stator  radial  mode  frequency,  are  not  strong 
enough  to  push  the  rotor,  but  they  deform.  However,  an 
efficiency  of  more  than  10%  is  sufficient  for  real  application 
with  an  output  power  of  around  150  n  Watts. 
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Fig.  10.  Load  characteristics  of  the  motor. 
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V.  Conclusions 

This  paper  presented  a  small  piezoelectric  ultrasonic 
motor  with  an  active  element  that  is  a  bulk  piezoelectric 
ring  3.0  mm  in  diameter  and  0.5  mm  in  thickness.  The 
stator  produces  a  displacement  transformation  such  that 
multi-mode  resonance  frequencies  can  be  excited  with  only 
one  AC  source.  The  stator  was  analyzed  with  a  3D  model 
of  the  ATILA  finite  element  analysis  code,  and  its  dynamic 
behavior  was  predicted.  In  particular,  the  FEA  illustrated 
the  bending  and  asymmetrical  flexure  modes  that  are  gen- 
erated  close  to  the  fundamental  radial  resonance  frequency 
of  the  stator. 

The  rotation  in  this  motor  occurs  by  exciting  the  stator 
with  a  combination  of  two  modes:  the  fundamental  radial 
mode  of  the  stator  and  the  second  bending  mode  of  the 
arms. 

The  major  applications  of  this  motor  will  be  microme¬ 
chanical  devices  for  the  medical  and  microrobotic  areas. 
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A  tunable  solid-state  piezoelectric  vibration  absorber  and  an  active  tuning  method  were 
developed  and  demonstrated.  A  passive  vibration  absorber  generally  acts  to  minimize 
structural  vibration  at  a  specific  frequency  associated  with  either  a  tonal  disturbance  or 
a  lightly  damped  structural  vibration  mode.  Because  this  frequency  is  rarely  stationary  in 
real  applications,  damping  is  usually  added  to  ensure  some  level  of  effectiveness  over  a  range 
of  frequencies.  Maximum  response  reductions,  however,  are  achieved  only  if  the  absorber  is 
lightly  damped  and  accurately  tuned  to  the  frequency  of  concern.  Thus,  an  actively  tuned 
vibration  absorber  should  perform  better  than  a  passive  one  and,  furthermore,  could  be 
made  lighter.  In  its  simplest  form,  a  vibration  absorber  consists  of  a  spring-mass 
combination.  A  key  feature  of  the  tunable  vibration  absorber  described  herein  is  the  use  of  # 
piezoelectric  ceramic  elements  as  part  of  the  device  stiffness.  The  effective  stiffnesses  of  these 
elements  were  adjusted  electrically,  using  a  passive  capacitive  shunt  circuit,  to  tune  the 
resonance  frequency  of  the  device.  The  tuning  range  of  the  absorber  is  thus  bounded  by  its 
short-  and  open-circuit  resonance  frequencies.  An  alternative  tuning  approach  might 
employ  resistive  shunting,  but  this  would  introduce  undesirable  damping.  Another  feature  of 
the  device  is  the  ability  to  use  the  piezoelectric  elements  as  sensors.  A  control  scheme  was 
developed  to  estimate  the  desired  tuning  frequency  from  the  sensor  signals,  to  determine  the 
appropriate  shunt  capacitance,  and  then  to  provide  it.  The  shunt  circuit  itself  was 
implemented  in  10  discrete  steps  over  the  tuning  range,  using  a  relay-driven  parallel 
capacitor  ladder  circuit.  Experimental  results  showed  a  20  dB  maximum,  and  a  10  dB 
average  improvement  in  vibration  reduction  across  the  tuning  range,  as  compared  to  a  pure 
passive  absorber  tuned  to  the  center  frequency,  with  additional  benefit  extending  beyond  the 
tuning  range. 
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1.  INTRODUCTION 

Vibration  is  an  important  aspect  of  many  engineering  systems,  from  machine  tools  to 
structure-borne  noise  in  aircraft  [1].  In  most  cases,  such  vibration  is  undesirable  and 
requires  attenuation.  Attenuation  techniques  range  in  complexity  from  relatively  simple 
narrowband  passive  elastomeric  vibration  absorbers  to  fully  active  broadband  vibration 
control  systems. 
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Passive  attenuation  methods  represent  an  important  class  of  approaches  to  the  control 
unwanted  structural  vibrations  [2].  One  particular  method  of  passive  vibration  suppression 
involves  the  use  of  passive  vibration  absorbers  (PVAs).  Passive  vibration  absorbers  are 
conceptually  simple  devices  consisting  of  a  mass  attached  to  a  structure  via  a  spring  or  via 
a  parallel  spring-damper  combination.  PVAs  are  commonly  constructed  of  an  elastometric 
material  sandwiched  between  the  structure  and  a  reaction  (or  proof)  mass.  The  primary 
function  of  these  devices  is  to  increase  the  effective  dynamic  stiffness  of  a  structure  over 
a  relatively  narrow  frequency  band.  Increasing  the  dynamic  stiffness  of  a  structure  reduces 
its  dynamic  displacement  (assuming  the  forcing  level  remains  constant).  In  practice,  PVAs 
are  typically  used  to  minimize  vibration  at  a  specific  frequency  associated  with  either 
a  lightly  damped  structural  mode  or  a  tonal  disturbance.  The  advantages  of  using  vibration 
absorbers  are  low  cost,  low  weight,  and  ease  of  attachment.  The  fact  that  a  PVA  may  only 
be  used  effectively  at  a  single  frequency,  however,  can  sometimes  be  a  significant  drawback. 

While  a  common  use  of  PVAs  is  to  reduce  vibration  in  tall  buildings  or  towers  [3],  they 
have  also  been  successfully  used  in  the  aviation  industry  for  some  time.  For  example,  the 
DC-9  for  many  years  used  a  set  of  four  PVAs  attached  to  each  engine  pylon  to  reduce  aft 
cabin  noise  associated  with  the  operating  spool  frequency  of  the  engines  [4].  Similarly,  both 
the  Fokker  F27  and  the  Saab  340  aircraft  use  PVAs  attached  directly  to  fuselage  frames  to 
reduce  interior  cabin  noise  levels  [5], 

In  these  applications,  the  absorbers  provide  considerable  vibration  attenuation  at  specific 
frequencies.  Performance  can  be  seriously  degraded,  however,  if  the  disturbance  source 
changes  frequency.  If  this  occurred,  the  PVA  could,  in  principle,  be  physically  re-tuned  to 
maintain  optimal  performance,  but  this  is  generally  impractical.  Thus,  there  is  a  need  for 
vibration  absorbers  with  tunable  variable  properties. 

Tunable  vibration  absorbers  are  passive  vibration  absorbers  having  stiffness,  mass,  or 
damping  that  can  be  (actively)  adjusted  to  change  one  or  more  device  resonance  frequencies. 
Such  tunable  absorbers  are  sometimes  used  to  track  frequency- varying  disturbances  or  to 
increase  the  bandwidth  of  a  vibration  attenuation  method.  Recently,  Northwest  Airlines 
initiated  plans  to  upgrade  173  of  its  DC-9s  with  active  tuned  mass  absorbers  built  by  Bary 
Controls  [6,  7].  Due  to  the  increased  weight  and  complexity  of  using  such  devices,  however, 
they  have  not  found  widespread  use. 

Recently,  PCB  Piezotronics,  Inc.  and  the  Center  for  Acoustics  and  Vibration  at  Penn 
State  were  involved  in  the  development  of  a  piezoelectric  ceramic  inertial  (“proof  mass”) 
actuator  [8].  When  used  passively,  this  actuator  behaves  like  a  vibration  absorber.  This 
device  provided  a  starting  point  for  the  development  of  an  actively  tuned  vibration 
absorber,  based  on  a  previously  unexploited  tuning  mechanism. 

Two  key  features  of  a  tunable  vibration  absorber  are  the  method  by  which  the  stiffness  or 
mass  of  the  device  is  altered  and  the  magnitude  of  the  resulting  change  in  resonance 
frequency.  Because  it  is  difficult  to  vary  the  effective  mass  of  a  solid-state  device,  the  present 
work  focused  on  a  way  to  vary  the  effective  stiffness.  Because  they  exhibit  relatively  strong 
coupling  between  electrical  and  mechanical  behavior,  piezoelectric  materials  offer  an 
attractive  means  of  implementing  variable  stiffness:  changing  the  electrical  boundary 
conditions  can  change  the  effective  stiffness  of  the  material.  If  some  of  the  stiffness  of 
a  vibration  absorber  is  provided  by  piezoelectric  elements,  the  resonance  frequencies  of  the 
device  could  be  modified  by  using  an  adjustable  external  electric  circuit. 

2.  BACKGROUND 

A  mathematical  model  was  developed  to  assist  in  the  development  of  insight  concerning 
tuning  of  a  vibration  absorber  in  which  some  of  the  effective  stiffness  is  provided  by 
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Figure  1.  Lumped  parameter  model  of  passive  vibration  absorber  attached  to  a  s.d.o.f.  structure. 

piezoelectric  elements.  First,  a  single-degree-of-freedom  (d.o.f.)  structure  and  passive 
absorber  model  is  created.  Next,  this  model  is  modified  to  incorporate  a  piezoceramic 
stiffness  element.  Finally,  an  external  adjustable  electrical  shunt  circuit  is  added  for 
frequency  tuning. 


2.1.  VIBRATION  ABSORBER/STRUCTURE  INTERACTION 

Consider  a  damped  vibration  absorber  attached  to  a  single  d.o.f.  structural  system,  as 
shown  in  Figure  1.  Let  ms,  ks,  and  bs  represent  the  effective  mass,  stiffness,  and  damping  of 
the  structure,  and  ma,  ka,  and  ba  represent  the  mass,  stiffness,  and  damping  of  the  absorber. 
This  is  a  textbook  model  of  the  simplest  system  that  can  be  used  to  study  the  behavior  of 
a  structure  including  a  vibration  absorber  [9]. 

Recall  that  the  natural  frequency  of  the  undamped  s.d.o.f.  structure  without  an  attached 
vibration  absorber,  cos,  is 


"s  = 


(1) 


The  transfer  function  from  the  input  disturbance  displacement,  Xin,  to  the  structural 
displacement  (at  the  point  of  attachment  of  the  vibration  absorber),  Xs,  may  be  found  as 

■Xs(s)  = _ ks{mas2  +  ka) _ 

Xin(s)  ~  msmas4  +  ( ma(ks  +  ka)  +  mska)s2  +  kska' 

The  frequencies  of  the  poles  (ft>!  and  a>2)  and  zero  ((oabs)  of  this  coupled  structure/absorber 
system  are 


Jl  I ma(fefl  +  ks)  +  mska  +  x/maka(ma(ka  +  2ks)  +  2mska)  +  {maks  +  mska)2 

®U"TV  mams 


and  coabs 


(3a,  b) 


Note  that  coabs  defines  the  frequency  of  minimum  response  of  the  coupled  structure/absorber 
system,  and  is  equal  to  the  natural  frequency  of  the  (undamped)  vibration  absorber  itself. 

Figure  2  shows  the  magnitude  of  the  frequency  response  functions  from  an  input  base 
displacement  to  the  structural  displacement,  both  with  and  without  an  attached  vibration 
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Figure  2.  Sample  frequency  response  functions  for  the  s.d.o.f.  structure  and  the  s.d.o.f.  structure  with  attached 
PVA: - ,  without  PVA; - ,  with  PVA. 


absorber.  The  structure  without  a  vibration  absorber  exhibits  high  response  at  the 
frequency  cos.  In  the  case  where  a  vibration  absorber  is  used,  its  natural  frequency  is  tuned 
to  that  of  the  structure  alone.  The  structural  response  is  reduced  dramatically  at  the 
frequency  of  the  absorber,  but  increased  at  frequencies  both  above  and  below  this  frequency 
(i.e.,  at  the  frequencies  of  the  poles  of  the  coupled  system,  <ox  and  co2).  Note  that  damping 
reduces  the  amplitude  of  the  peaks  as  well  as  the  depth  of  the  minimum,  and  that  the  mass 
ratio  affects  the  spacing  of  the  two  resonance  frequencies  [9]. 

Evidently  (from  equation  (2)),  the  frequency  at  which  structural  response  is  a  minimum 
depends  only  on  the  absorber  mass  and  stiffness.  Thus,  structural  response  may  be  greatly 
reduced  at  any  disturbance  frequency,  by  tuning  the  natural  frequency  of  the  absorber  to 
that  of  the  disturbance,  and  by  using  an  absorber  with  little  damping.  This  observation  may 
be  exploited  to  develop  a  tuning  control  strategy  that  maintains  optimum  absorber 
performance  when  the  structure  is  subjected  to  tonal  forcing. 


2.2.  FREQUENCY  TUNING  VIA  PASSIVE  ELECTRICAL  SHUNTING 

With  the  knowledge  that  the  natural  frequency  of  the  absorber  defines  the  frequency  of 
minimum  structural  response,  the  next  step  involved  developing  a  method  for  changing  the 
stiffness  of  the  absorber  in  real  time.  Electrical  shunting  of  a  piezoelectric  device  has  the 
effect  of  changing  the  effective  stiffness  (and  thus  the  natural  frequency)  of  the  device.  The 
theory  behind  such  a  shunting  approach  is  presented  in  the  conference  paper  by  Davis  et  al. 
[10]  as  well  as  in  the  thesis  by  Davis  [11],  and  is  summarized  here  for  completeness. 

As  already  noted,  a  vibration  absorber  may  be  modelled  using  lumped  parameters  such 
as  a  spring,  ka,  and  mass,  ma,  as  shown  in  Figure  3(a).  Similarly,  an  inertial  actuator  may  be 
modelled  as  a  spring-mass  system  with  a  forcing  element,  Fp,  in  parallel  with  the  spring 
element,  ka,  of  the  absorber,  as  shown  in  Figure  3(b).  Placing  the  effective  stiffness  of  the 
forcing  element  of  an  internal  actuator  in  parallel  with  the  inherent  structural  stiffness  of  the 
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Figure  3.  (a)  Passive  vibration  absorber  lumped  parameter  model;  (b)  inertial  actuator  lumped  parameter  model; 
(c)  passively  shunted  inertial  actuator  lumped  parameter  model. 

absorber,  as  shown  in  Figure  3(c),  results  in  a  passive  device  stiffness  that  is  the  sum  of  the 
two  stiffnesses. 

Electrically  shunting  the  piezoceramic  elements  in  a  piezoceramic  vibration  absorber  can 
change  their  effective  stiffness.  An  expression  for  the  effective  stiffness,  k*,  of  an  electrically 
shunted  piezoceramic  elements  is  [11] 

<4> 

where  kE  is  the  effective  short-circuit  stiffness  of  the  piezoelectric  ceramic  element,  kp  is  its 
electromechanical  coupling  coefficient,  a(s)  is  the  non-dimensional  ratio  of  the  electrical 
impedance  of  the  piezoceramic  (i.e.,  1/sCj,  where  Cj  is  the  capacitance  of  the  piezoceramic 
measured  under  constant  stress)  to  the  electrical  impedance  of  the  shunt  circuit,  and  s  is  the 
Laplace  parameter  (i.e.,  s  =  ico  where  co  is  radian  frequency). 

Regardless  of  the  type  of  simple  electrical  shunt  circuit  used  (e.g.,  resistor,  capacitor, 
inductor),  there  are  limits  on  the  range  of  values  k*  can  take  on.  These  limits  are 
conveniently  defined  in  terms  of  the  short-  and  open-circuit  stiffnesses  of  the  piezoelectric 
element,  as  well  as  the  shunt  circuit  electrical  impedances.  When  short  circuited,  the  shunt 
impedance  is  effectively  zero  and  equation  (7)  reduces  to  k*  =  kE.  At  open  circuit,  the  shunt 
impedance  is  effectively  infinite  and  k*  =  kE(k2p/(l  -  k2)).  Thus  the  tunable  range  of  k'  is 
bounded  by  its  short-  and  open-circuit  stiffnesses,  which  are  related  by  the 
electromechanical  coupling  coefficient,  kp. 

In  the  application  described  here,  the  value  of  kp  (the  planar  coupling  coefficient  of  the 
piezoelectric  material)  was  approximately  0-6.  For  a  device  made  solely  of  this  type  of 
piezoceramic  material,  the  change  in  stiffness  from  short  to  open  circuit  could  be  as  high  as 
56%,  resulting  in  an  almost  25%  change  in  natural  frequency.  In  practice,  however,  the 
stiffness  of  the  piezoceramic  is  in  parallel  with  the  inherent  mechanical  stiffness  of  the 
actuator,  and  only  some  fraction  of  the  net  device  stiffness  may  be  changed  due  to  electrical 
shunting. 

Note  that  equation  (4)  may  be  complex  depending  upon  the  type  of  shunt  circuit  used 
(e.g.,  if  a  resistor  is  used  as  the  shunt  circuit).  A  complex  stiffness  would  indicate  that  the 
device  has  mechanical  properties  similar  to  those  of  an  anelastic  material,  including 
hysteretic  damping.  In  terms  of  vibration  absorber  performance,  adding  damping  has  the 
effect  of  increasing  the  response  magnitude  at  the  natural  frequency  of  the  absorber. 
Because  the  goal  of  this  research  was  to  maintain  minimum  structural  response  at  (oabs , 
shunt  circuits  that  added  damping  to  the  system  were  not  considered. 

An  ideal  capacitor  is  a  purely  reactive  element  and  does  not  dissipate  energy  or  provide 
damping.  Figure  4  shows  the  ratio  of  the  effective  stiffness  of  a  capacitively  shunted 
piezoceramic  element  to  its  short-circuit  sitffness.  Note  that,  for  this  case,  the  tuning  ratio  is 
the  ratio  of  the  shunt  capacitance,  Csh,  to  the  clamped  capacitance  of  the  piezoceramic.  The 
tunable  piezoceramic  stiffness  varies  smoothly  with  increasing  shunt  capacitance.  Also  note 
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Tuning  ratio,  Cs4/Cj 


Figure  4.  Effect  of  shunt  capacitance  on  effective  piezoceramic  stiffness. 


that  roughly  a  four-order-of-magnitude  change  in  shunt  capacitance  is  necessary  to 
effectively  change  from  open  to  short  circuit  (or  vice  versa). 

As  mentioned  previously,  the  total  stiffness  of  a  piezoceramic  vibration  absorber  may  be 
considered  the  sum  of  the  effective  tunable  piezoceramic  stiffness  and  the  inherent  stiffness 
of  the  device.  The  relative  magnitudes  of  the  two  stiffnesses  determine  the  net  frequency 
change  possible  via  electrical  shunting. 

An  experiment  was  conducted  using  a  commercially  available  piezoceramic  inertial 
actuator  as  a  passive,  electrically  shunted  vibration  absorber.  Figure  5  shows  a  schematic  of 
the  device  used  for  the  experiments,  PCB  Model  X712A02.  The  actuator  (the  lower  flat 
cylinder  in  Figure  5)  is  approximately  2  in  in  diameter  and  approximately  3/8  in  thick.  The 
reaction  mass  is  attached  to  its  top  by  a  standard  10-32  threaded  stud,  making  it  relatively 
easy  to  coarsely  tune  the  device  frequency  by  changing  the  mass.  The  base  of  the  device  also 
has  a  10-32  threaded  stud  used  for  attaching  it  to  a  structure. 

Note  that  the  thickness  and  the  radius  of  the  piezoelectric  element  relative  to  that  of  the 
base  metal  disk  was  determined  by  design  to  maximize  the  device  electromechanical 
coupling  coefficient  [8],  and  that  this  also  maximizes  the  tuning  range  for  this  type  of  device 
configuration.  Other  device  configurations  might  have  higher  device  coupling  coefficients 
and  tuning  ranges. 

The  purpose  of  the  experiment  was  to  measure  the  natural  frequency  and  modal  damping 
ratio  of  the  device  under  a  variety  of  capacitive  shunt  conditions  ranging  between  short  and 
open  circuit.  In  the  experiment,  the  device  was  attached  to  a  shaker  and  accelerometers  were 
used  to  measure  both  the  input  (i.e.,  the  shaker)  acceleration  and  the  reaction  mass 
acceleration.  The  ratio  of  the  two  acceleration  measurements  formed  a  frequency  response 
function  which  was  then  curve-fit  to  approximate  the  natural  frequency  and  modal 
damping  ratio  of  the  actuator  for  a  given  shunt  condition.  The  electrodes  of  the  inertial 
actuator  were  attached  to  a  solderless  breadboard  where  discrete  values  of  capacitance 
could  be  used  to  shunt  the  device. 

The  results  of  the  passive  shunting  experiment  verified  the  ability  to  predictably  tune 
the  natural  frequency  of  the  piezoceramic  vibration  absorber  between  a  short-circuit 
natural  frequency  of  313  Hz  and  an  open-circuit  natural  frequency  of  338  Hz.  The  resulting 
change  in  natural  frequency  was  approximately  7-5%  from  short  to  open  circuit.  Next, 
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Figure  5.  Schematic  of  the  PCB  Model  X712A02  inertial  actuator. 


a  frequency  tuning  control  method  for  the  shunted  piezoceramic  vibration  absorber  was 
developed. 


3.  ACTIVE  TUNING  CONTROLLER 

The  preceding  section  showed  that  the  natural  frequency  of  a  vibration  absorber  that  uses 
a  piezoelectric  stiffness  element  can  be  passively  tuned  with  an  external  capacitive  shunt 
circuit.  This  section  describes  the  approach  used  to  implement  an  active  tuning  method. 


3.1.  CONCEPT 

Consider  a  flexible  structure  with  several  well-spaced  structural  modes  of  vibration 
subjected  to  a  tonal  disturbance.  Attaching  a  conventional  passive  vibration  absorber  to  the 
structure,  tuned  to  the  tonal  disturbance  frequency,  would  reduce  structural  response  at 
that  frequency.  Thus,  as  long  as  the  disturbance  frequency  remained  constant,  a  high  level  of 
attenuation  would  be  achieved  (i.e.,  structural  vibration  would  be  minimized).  If,  however, 
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Frequency 

Figure  6.  Conceptual  tuned  vibration  absorber  structural  response: - ,  no  absorber; - ,  short  circuit; 

— ,  open  circuit. 


the  total  disturbance  frequency  changed,  performance  would  decrease  (i.e.,  the  vibration 
level  would  increase).  Therefore,  it  would  clearly  be  beneficial  to  have  a  tunable  vibration 
absorber  and  a  tuning  method  to  track  a  changing  disturbance  frequency  and  appropriately 
re-tune  the  frequency  of  the  absorber. 

Developing  a  tuning  method  for  the  vibration  absorber  involved  three  steps:  first,  an 
appropriate  system  signal  was  identified,  from  which  the  desired  tuning  frequency  could  be 
estimated.  Next,  a  method  for  actually  estimating  the  frequency  of  structural  vibration  from 
the  signal  was  developed.  The  final  step  involved  formulating  a  control  scheme  to  determine 
and  provide  the  proper  shunt  capacitance. 

The  concept  of  monitoring  the  disturbance  frequency  and  tuning  the  absorber  to 
maintain  minimum  structural  response  is  illustrated  in  Figure  6.  The  upper  plot  represents 
the  broadband  structural  response  for  a  structure  both  with  and  without  an  attached 
vibration  absorber.  The  highlighted  area  of  the  upper  plot  is  enlarged  in  the  lower  portion 
of  Figure  6  to  show  the  transfer  function  zeros  (or  minima)  created  by  the  addition  of 
a  short-circuit,  shunted,  and  open-circuit  vibration  absorber  to  the  structure. 

First,  consider  the  case  when  the  piezoceramic  element  within  the  vibration  absorber  is 
short  circuited  (indicated  by  the  dashed  line  in  the  highlighted  section  in  the  lower  plot  of 
Figure  6).  If  a  tonal  disturbance  acted  on  the  structure  at  a  frequency  equal  to  fsc,  the 
structural  response  would  be  minimal.  If  the  disturbance  frequency  were  to  decrease  while 
the  PIA  remained  short  circuited,  the  structural  response  would  increase.  Similarly,  if  the 
disturbance  frequency  were  to  increase  to  the  frequency  foc,  while  the  piezoelement 
remained  short  circuited,  the  structural  response  would  again  increase.  However,  if  the 
absorber  were  “re-tuned”  by  adjusting  the  electrical  shunt  impedance  to  an  open-circuit 
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condition,  the  structural  response  would  remain  minimal.  In  addition,  if  the  disturbance 
frequency  were  to  fall  anywhere  between  fsc  and  foc,  there  exists  a  shunt  impedance  that  will 
deliver  minimum  structural  response. 

Consider  the  following  situation:  a  structural  mode  is  excited  by  a  pure  tone  harmonic 
disturbance  which  varies  in  frequency  by  a  few  percent  of  some  nominal  frequency.  In 
principle,  a  piezoelectric  vibration  absorber  could  be  added  to  the  structure  such  that  at 
a  shunt  tuning  ratio  of  one,  the  natural  frequency  of  the  absorber  would  be  equal  to  the 
nominal  disturbance  frequency  (i.e.,  the  natural  frequency  of  the  absorber  for  a  tuning  ratio 
of  one  is  half-way  between /„  and/oc).  If  sensing  (in  the  form  of  determining  the  frequency  of 
the  disturbance),  control  (in  the  form  of  a  command  signal  based  on  the  sensed  frequency  to 
alter  the  electric  shunt  impedance),  and  actuation  (in  the  form  of  a  means  to  alter  the 
electrical  shunt  condition)  were  provided,  then  a  minimum  structural  response  could  be 
maintained  within  the  band  defined  between  the  open-  and  short-circuit  frequencies. 

The  heavy  solid  line  in  Figure  6  illustrates  the  conceptual  response  of  a  discretely  tuned 
vibration  absorber.  In  this  illustration,  the  shunt  capacitance  does  not  vary  smoothly 
between /K  and  foc,  but  instead  is  discretized.  Thus,  determining  a  means  to  estimate  the 
disturbance  frequency,  choosing  the  correct  value  of  shunt  impedance  based  on  the 
estimated  frequency,  and  physically  changing  the  shunt  impedance  are  the  main  subject  of 
the  next  section.  Two  important  questions  to  be  addressed  are:  (1)  what  sensor(s)  could  be 
used  and  (2)  once  a  sensed  signal  is  acquired,  how  can  frequency  information  be  extracted 
from  it? 


3.2.  IMPLEMENTATION 

It  is  clearly  desirable  to  try  to  use  the  fewest  number  of  sensors  in  order  to  reduce  control 
system  complexity,  weight,  and  power  consumption.  With  this  in  mind,  a  method  for 
sensing  the  tonal  disturbance  frequency  based  on  the  voltage  produced  by  the  piezoceramic 
within  the  PIA  was  developed. 

Assuming  a  linear  model  for  the  coupled  structure/absorber  system,  the  voltage  produced 
by  the  piezoceramic  elements  within  the  absorber  is  directly  proportional  to  the 
piezoceramic  strain  and  the  shunt  circuit  electrical  impedance.  Thus,  for  an  open-circuit 
vibration  absorber  being  forced  near  resonance,  the  piezoelements  would  be  under 
considerable  strain  due  to  the  motion  of  the  reaction  mass  (and  corresponding  small  motion 
of  the  attached  structure),  producing  considerable  voltage.  If,  however,  the  vibration 
absorber  were  short  circuited,  there  would  be  no  measurable  voltage  across  its  terminals. 
Instead,  short-circuiting  would  produce  a  large  current  (for  the  same  forcing  conditions). 
Thus,  because  shunting  the  absorber  can  vary  the  electrical  impedance  of  the  device  from 
nearly  short  circuit  to  nearly  open  circuit,  using  the  electrical  state  of  the  piezoceramic  to 
estimate  vibration  frequency  can  only  be  effective  if  both  voltage  and  current  are  used  as 
sensor  variables. 

For  the  prototype  system  described  here,  a  control  system  was  used  in  which  the  A/D 
conversion  process  required  voltages  within  a  prescribed  range.  Thus,  it  was  necessary  to 
convert  the  current  to  a  corresponding  voltage.  The  current  estimation  process  was  realized 
using  an  op-amp  as  an  ideal  current-to-voltage  converter  [12]. 

The  controller  used  for  tuning  the  vibration  absorbed  is  shown  in  Figure  7.  The 
controller  used  two  inputs  and  one  output.  The  inputs  were  the  voltage,  V„,  and  a  voltage 
proportional  to  the  current  Vt.  The  output  was  a  voltage  proportional  to  the  tuning 
impedance  of  the  shunt  circuit.  The  main  elements  of  the  controller  were:  (1)  the  band-pass 
filters  (2)  the  frequency  estimation  logic  and  (3)  the  control  voltage  calculation. 
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Figure  7.  Control  system  block  diagram. 

The  band-pass  filters  removed  any  DC-component  of  the  input  signals  and  attenuated 
high-frequency  noise.  The  filters  were  second  order  with  low  and  high  cut-off  frequencies  of 
approximately  130  and  780  Hz  respectively.  Note  that  for  the  prototype  system,  the 
frequency  range  of  interest  (i.e.,  the  range  of  frequencies  defined  by  the  short-  and 
open-circuit  resonance  frequencies  of  the  absorber)  was  approximately  290-350  Hz.  Thus 
the  pass-band  encompassed  the  range  of  interest  well. 

The  filtered  signals  were  next  used  to  estimate  the  frequency  of  the  tonal  disturbance.  For 
the  prototype  version,  frequency  estimation  was  done  by  the  control  computer.  For 
increased  performance,  analog  circuitry  could  be  implemented  in  the  form  of  a  phase-locked 
loop  to  convert  the  sensed  voltages  to  a  voltage  proportional  to  frequency  for  use  by  the 
control  system. 

With  a  proper  estimate  for  the  frequency  of  vibration,  the  remaining  task  of  the  controller 
was  to  calculate  an  appropriate  control  voltage  with  which  to  vary  the  shunt  impedance. 
Before  the  controller  could  be  programmed,  however,  it  was  necessary  to  determine 
a  method  for  physically  altering  the  shunt  capacitance.  Recall  that  in  Figure  4,  the  effective 
tuning  ratio  range  for  capacitive  shunting  is  roughly  001-100  times  the  capacitance  of  the 
vibration  absorber  measured  at  constant  stress.  The  measured  capacitance  of  the  prototype 
system  at  constant  stress  was  approximately  0  072  pF.  Therefore,  to  tune  the  natural 
frequency  of  the  PIA  between/*,  and/oc,  a  shunt  capacitance  range  of  roughly  0-7  nF  to  7  pF 
was  required. 

Variable  capacitors  do  exist.  However,  the  majority  of  variable  capacitors  have  relatively 
small  ranges  (e.g.,  even  a  range  of  12-100  pF  is  not  common)  and  must  be  tuned  by  physical 
means.  Programmable  capacitors  also  exist,  but  due  to  their  added  complexity  and 
resistance,  they  were  not  considered  for  the  prototype  system.  Instead,  a  “ladder”  circuit  of 
discrete  capacitors  wired  in  parallel  was  used  to  tune  the  vibration  absorber. 

The  effect  of  placing  capacitors  in  parallel  is  a  net  capacitance  equal  to  the  sum  of  the 
individual  capacitances.  Figure  8  illustrates  a  conceptual  shunt  circuit  with  several  parallel 
capacitors.  If  the  frequency  tuning  band  of  the  shunted  absorber  were  discretized  into 
a  finite  number  of  capacitive  impedances,  a  control  law  could  be  developed  to  select 
a  number  of  parallel  capacitors  whose  sum  would  be  the  net  electrical  impedance  needed  to 
tune  the  actuator  very  close  to  the  estimated  disturbance  frequency.  Clearly,  the  number  of 
discrete  capacitance  values  used  in  a  specific  application  will  depend  on  the  overall  size  of 
the  frequency  tuning  range,  the  intrinsic  damping  of  the  absorber,  and  the  acceptable 
deviation  from  minimum  response.  Finer  discretization  of  the  tuning  band  will  yield  a  more 
uniformly  low  system  response. 

Consider  a  discretized  shunt  circuit  with  10  discrete  capacitance  levels  ranging  from 
approximately  0-7  nF  to  7  pF.  Ideally,  each  discrete  shunt  capacitance  will  tune  the 
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Figure  8.  Conceptual  “ladder”  capacitive  shunt  circuit. 


Figure  9,  Frequency  band  shunt  discretization. 


absorber  such  that  structural  response  will  be  a  minimum  for  a  prescribed  frequency  within 
the  control  bandwidth.  Thus,  the  tunable  frequency  band  was  divided  into  nine  frequency 
bands  between  the  short-  and  open-circuit  natural  frequencies  of  the  absorber,  as  shown  in 
Figure  9. 

The  frequencies  at  the  minima  of  each  frequency  band  (labeled  as /«,/]  through /8,  and 
fQC  in  Figure  9)  define  frequencies  at  which  the  cumulative  combinations  of  shunt 
capacitance  prescribe  the  shunted  natural  frequency  of  the  absorber.  First,  consider  the 
open-circuit  shunt  case.  The  open  circuit  corresponds  to  a  very  small  (or  zero)  shunt 
capacitance.  Thus  if  the  capacitor  Cx  in  Figure  8  were  very  small  (or  removed)  and  all 
switches  were  open,  the  absorber  would  be  in  an  approximately  open-circuit  shunt 
condition  (i.e.,  the  natural  frequency  of  the  absorber  would  equal  foc).  Next,  consider  closing 
the  switch  sx  in  Figure  8.  The  net  capacitance  of  the  shunt  circuit  increases  to  the  sum  of  Cx 
and  C2.  Conversely,  the  natural  frequency  of  the  absorber  decreases  to/8  (assuming  Cx  and 
C2  are  chosen  correctly).  Similarly,  closing  switches  sx  and  s2  will  increase  the  net  shunt 
capacitance  to  the  sum  of  the  Cl5  C2  and  C3  and  the  absorber  natural  frequency  (and  thus 
the  frequency  of  minimum  structural  response)  will  decrease  to /7 .  Closing  all  of  the  switches 
will  increase  the  net  shunt  capacitance  to  the  total  of  all  of  the  capacitors  in  the  ladder 
circuit.  Thus,  if  Ci-Q  are  chosen  correctly,  the  sum  of  all  the  capacitors  will  be  large 
enough  to  approximate  a  short-circuit  shunt  condition  (i.e.,  the  total  parallel  capacitance 
will  be  greater  than  or  equal  to  100  x  Cj).  The  question  remains,  however,  as  to  how  to 
open  and  close  the  switches  in  the  ladder  circuit. 

The  switches  in  the  shunt  circuit  shown  in  Figure  9  determine  the  number  of  capacitors  in 
parallel  with  the  absorber.  Ideally,  these  switches  would  operate  in  response  to  a  prescribed 
signal  from  the  control  system.  In  doing  so,  however,  the  switches  should  not  introduce  any 
additional  electrical  impedance  into  the  shunt  circuit.  A  relay  provides  one  possible  solution 
to  this  problem. 

The  control  voltage,  Vc ,  shown  in  Figure  9,  is  used  to  turn  the  relays  on  in  succession. 
Variable  resistors  wired  between  each  relay  driver  circuit  were  adjusted  such  that  for 
Vc  =  1  V,  relay  #  1  would  turn  “on”  while  others  would  remain  “off”  For  Vc  =  2  V,  relays 
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Figure  10.  Control  voltage  to  structural  response  correlation. 


#  1  and  #  2  would  turn  “on”  while  the  other  relays  would  remain  “off”.  Similarly,  more 
relays  would  turn  “on”  while  the  remaining  relays  remained  “off’  for  increasing  integer 
voltage  levels  up  to  and  including  9  V.  What  remained  was  to  program  the  control  logic  to 
output  discrete  integer  voltage  levels  corresponding  to  desired  shunt  capacitance  levels. 
Note  that  discrete  voltage  outputs  were  required  to  ensure  the  appropriate  relays  in  the 
switching  circuit  were  either  “on”  or  “off”. 

Figure  10  illustrates  the  correlation  between  control  voltage,  Vc,  absorber  capacitive 
tuning  ratio,  a,  and  the  frequency  of  minimum  structural  response.  From  Figure  10  it  is 
clear  that,  for  a  control  voltage  of  0  V,  no  transistors  are  “on”  and  thus  the  absorber  is 
shunted  with  one  capacitor,  Ct.  As  stated  earlier,  if  Ct  is  sufficiently  small  (say 
approximately  001  x  Cj),  the  absorber  will  behave  as  if  it  were  open  circuited.  For 
a  control  voltage  of  1  V,  the  first  transistor  turns  “on”  and  the  shunt  capacitance  is 
increased  from  C,  to  the  sum  of  Ct  and  C2.  If  C2  equal  0-1  x  Cj,  the  net  tuning  ratio  would 
be  approximately  Oil  and  the  natural  frequency  of  the  absorber  and  therefore  the 
frequency  of  minimum  structural  response  would  be  /8. 

As  shown  in  Figure  10,  varying  the  control  voltage,  Vc,  from  0  to  9  V  changes  the 
frequency  of  minimum  structural  response  from  approximately  the  open-circuit  natural 
frequency  to  approximately  the  short-circuit  natural  frequency.  Referring  to  the  control 
system  block  diagram,  in  Figure  7,  the  estimate  control  voltage  block  contains  the  code  to 
convert  the  estimated  disturbance  frequency  to  an  appropriate  control  voltage. 


4.  TUNING  CONTROL  EXPERIMENTS  AND  RESULTS 

Several  experiments  were  designed  to  evaluate  the  effectiveness  of  the  tunable 
piezoceramic  inertial  actuator.  In  the  experiments,  a  representative  structure  (a 
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clamped-clamped  beam)  was  driven  with  a  tonal  force  disturbance.  First,  structural 
accelerance  measurements  were  taken  both  with  and  without  the  passive  absorber  attached 
to  the  structure.  Measurements  in  which  the  absorber  was  both  short  and  open  circuited 
were  used  to  define  the  effective  tuning  bandwidth  for  the  shunt  control  system.  Finally, 
a  sine  sweep  was  used  to  vary  the  disturbance  frequency  from  just  below  the  absorber 
short-circuit  natural  frequency  to  just  above  the  absorber  open-circuit  natural  frequency  for 
the  short  circuit,  open  circuit,  and  actively  tuned  cases. 

Figure  11  shows  the  experimental  set-up  for  the  semi-actively  tuned  vibration  absorber 
experiments.  The  representative  structure  was  a  0*913  x  0*038  x  0*006  m  aluminum  beam 
rigidly  fixed  at  both  ends.  An  inertial  actuator  placed  10  cm  from  the  left  end  of  the  beam 
was  used  to  apply  a  disturbance  force  to  the  structure.  The  drive  signal  for  the  actuator  was 
generated  by  a  Hewlett-Packard  3  562 A  signal  analyzer  and  amplified  using  a  PCB/AVC 
high-power  charge  amplifier.  A  dynamic  force  transducer  placed  between  the  actuator  and 
the  structure  measured  the  force  applied  to  the  structure,  while  a  high-sensitivity 
accelerometer  located  30  cm  from  the  right  side  of  the  beam  measured  the  dynamic  response 
of  the  beam  at  the  absorber  location.  Both  the  force  transducer  and  the  accelerometer 
signals  were  amplified  via  portable  power  units  and  then  recorded  by  the  HP  signal 
analyzer.  The  analyzer  was  also  used  to  process  the  force  and  acceleration  signals  to 
calculate  accelerance  FRFs. 

Figure  12  shows  the  response  of  the  system  both  with  and  without  the  vibration  absorber 
attached  to  the  clamped-clamped  beam.  The  response  of  the  system  with  no  absorber 
attached  has  a  prominent  structural  resonance  at  approximately  318  Hz.  Clearly,  the 
passive  absorber  significantly  reduced  the  structural  response  in  the  neighborhood  of  the 
original  structural  resonance,  and  the  frequency  at  which  minimum  structural  response  was 
obtained  varied  with  the  value  of  the  electrical  shunt.  Also  note  that,  because  the  absorber 
itself  is  lightly  damped,  the  region  of  low  response  is  bracketed  by  two  regions  of  relatively 
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Figure  12.  Accelerance  for  structure  with  passive  tunable  absorber.  Forcing  voltage  12-6  V  sweep  rate 
312-5  Hz/s: - ,  no  absorber; . ,  short  circuit; - ,  matched  (a  =  1); - ,  open  circuit. 

high  response.  This  feature  makes  a  lightly  damped  tunable  vibration  absorber  most 
suitable  for  application  to  structures  driven  by  variable  frequency  tonal  disturbances. 

In  addition  to  the  open-  and  short-circuit  measurements  (i.e.,  measurements  taken  for 
tuning  ratios  of  0  and  co  respectively),  the  accelerance  was  also  measured  for  a  tuning  ratio 
of  10.  The  response  for  a  =  1  defined  the  nominal  or  “control  off”  condition.  In  practice, 
a  nominal  disturbance  frequency  would  be  identified  and  the  mass  of  the  vibration  absorber 
would  be  selected  such  that  for  a  =  1,  minimal  structural  response  would  occur  at  the 
nominal  disturbance  frequency. 

Next,  the  actuator  was  connected  to  the  tuning  circuit,  which  was  implemented  on  an 
electronic  breadboard.  The  breadboard  was  also  connected  to  the  real-time  control 
computer  to  supply  PIA  voltage  and  PIA  current  estimates  and  receive  shunt  control 
voltages.  The  op-amps  and  relays  used  for  the  switching  circuit  were  powered  with 
Hewlett-Packard  DC  power  supplies. 

The  control  computer  used  for  the  experiments  was  a  100  MHz  Dell  Pentium.  The 
Pentium  housed  a  dSPACE  DS1102  Floating-Point  Controller  Board  with  Texas 
Instruments  TMS320P14  processor  chip.  The  two  A/D  channels  of  the  controller  board 
had  an  input  voltage  range  of  ±  10  V  and  used  16-bit  converters.  The  D/A  channel  had  an 
output  voltage  range  of  ±  10  V  and  used  a  12-bit  converter.  MATLAB’s  Real-Time 
Workshop  was  used  to  translate  a  SIMULINK  block  diagram  into  C-code,  then  to  invoke 
the  TI  C-compiler.  The  compiled  C-code  was  then  downloaded  to  the  processor  on  the 
controller  board.  The  controller  was  designed  and  set  to  sample  at  10  kHz  which 
adequately  accommodated  the  simulation  of  the  analog  linear  filters. 
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Figure  13.  Actively  tuned  versus  passive  structural  accelerance: - ,  no  absorber - ,  passive,  matched  (a  =  I); 

— ,  actively  tuned. 


To  gain  a  more  accurate  estimate  of  the  passive  and  semi-active  response  of  the  system, 
swept  sine  measurements  were  made  between  300  and  350  Hz.  Note  that  the  sweep  rate  for 
the  measurements  was  set  sufficiently  low  to  ensure  that  the  filters  within  the  controller  had 
time  to  settle  before  the  analyzer  moved  to  the  next  frequency  in  the  sweep. 

Figure  13  illustrates  the  effects  of  using  a  semi-active  piezoceramic  vibration  absorber  on 
structural  accelerance  due  to  a  varying-frequency  tonal  disturbance.  The  dotted  line  in 
Figure  13  is  the  passive  structural  accelerance  (i.e.,  structural  response  with  a  constant 
a  =  1).  The  solid  line  is  the  structural  accelerance  with  the  tuning  controller  turned  on  (i.e., 
structural  response  with  a  variable  a).  The  changing  discrete  capacitances  are  evidently 
effective  in  increasing  minimum  accelerance  over  the  previously  defined  tuning  band.  In 
addition,  structural  accelerance  at  frequencies  below  the  short-circuit  frequency  of  the 
absorber  and  above  the  open-circuit  frequency  of  the  absorber  was  improved. 

Figure  14  shows  the  difference  (in  dB)  between  the  passive  and  active  responses. 
Maximum  increases  in  performance  of  about  20  dB  occurred  at  both  the  short-  and 
open-circuit  absorber  natural  frequencies.  On  average,  an  approximately  10  dB  increase  in 
performance  was  obtained  over  the  frequency  range  shown  ( ±  7%  change  in  frequency 
from  the  center  frequency  of  325  Hz).  A  slight  decrease  in  performance,  however,  was 
observed  in  a  small  frequency  range  in  the  center  of  the  tuning  band.  This  was  attributed  to 
the  fact  that  the  discretized  shunt  capacitance  was  not  quite  equal  to  the  absorber 
capacitance  measured  at  constant  stress  (i.e.,  a  =  1)  at  the  tuning  band  center  frequency. 

Note  that  the  speed  of  the  control  system  was  limited  by  the  speed  of  the  filters  used  in  the 
control  system.  The  electronics  used  to  adjust  the  shunt  capacitance  operated  very  quickly 
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Figure  14.  Actively  tuned  vs.  passive  structural  attenuation  performance;  ■,  actively  tuned;  S ,  passive. 


compared  to  the  filters.  Thus,  proper  tuning  was  achieved  as  soon  as  the  filters  settled  and 
the  proper  disturbance  frequency  was  estimated.  The  rate  of  re-tuning  due  to  a  change  in 
disturbance  frequency  was  limited  by  the  disturbance  frequency  estimation  method.  Small 
changes  in  disturbance  frequency,  less  than  about  11%  of  the  tuning  band,  were  effectively 
compensated  in  less  than  60  ms.  Detecting,  then  completely  switching  the  absorber  from 
short  to  open  circuit,  or  vice  versa ,  required  less  than  250  ms.  A  complete  discussion  of  the 
effects  of  control  speed  as  well  as  variations  due  to  changing  forcing  amplitudes  can  be 
found  in  reference  [11]. 


5.  CONCLUSIONS 

A  solid-state  tunable  semi-active  piezoceramic  vibration  absorber  was  developed. 
Electrically  shunting  a  piezoelectric  inertial  actuator  with  a  capacitive  electrical  impedance 
changed  a  fraction  of  the  effective  net  stiffness  of  the  device,  thus  changing  the  device’s 
natural  frequency.  The  control  system  used  to  tune  the  absorber  monitored  the  voltage  and 
current  produced  by  the  device  to  estimate  a  tonal  structural  vibration  frequency  and  in 
turn  adjust  the  net  discrete  shunt  capacitance  appropriately. 

The  semi-active  vibration  absorber  had  a  ±  3-7%  tunable  frequency  band  relative  to  the 
center  frequency.  Additional  attenuation  effects  extended  beyond  ±  7%  of  the  center 
frequency.  Within  the  tuning  band,  increases  in  performance  beyond  passive  performance 
were  as  great  as  20  dB,  and  the  average  increase  was  over  10  dB. 

This  combination  of  tunable  vibration  absorber  and  active  tuning  method  has  several 
features  that  distinguish  it  from,  and  give  it  potential  advantages  over,  others  described  in 
the  literature.  First,  it  is  a  piezoelectric-based  device.  Second,  it  uses  capacitive  shunting  to 
accomplish  an  effective  change  in  stiffness.  Third,  it  is  less  complex  than  comparable 
devices,  because  it  is  completely  solid  state.  Fourth,  it  requires  no  additional  sensors,  as  the 
voltage  and  current  signals  generated  in  the  piezoelectric  elements  may  be  used  directly. 
Fifth,  it  has  relatively  low-power  consumption  relative  to  other  PVA  tuning  methods;  the 
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electrical  power  required  for  shunt-circuit  switching  is  far  less  than  the  power  required  for 
driving  stepper-motors  or  heating  viscoelastic  materials.  Furthermore,  the  tuning  controller 
was  novel  in  that  it  could  be  implemented  as  a  completely  solid-state  analog  system. 
Achieving  this  would  require  performing  the  frequency  estimation  and  control  voltage 
calculation  in  hardware  instead  of  software.  Frequency  estimation  could  be  accomplished 
using  a  phase-locked  loop  (PLL)  circuit  [11, 13].  PLLs  require  little  power,  react  quickly, 
and  are  commercially  available  in  compact  integrated  circuit  packages.  The  output  of  the 
PLL  is  a  DC  voltage  directly  proportional  to  frequency,  thus  making  the  control  voltage 
calculation  largely  a  matter  of  scaling. 
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ABSTRACT:  One  method  of  enhancing  the  low  frequency  transmission  loss  of  noise  into  the  cabin 
of  a  propeller  driven  aircraft  or  helicopter  is  to  replace  selected  sections  of  the  interior  trim  with  stiff, 
ultra  light  panels  that  are  driven  with  PZT  inertial  actuators.  Given  the  proper  control  signals,  the  pan¬ 
els  can  be  driven  by  the  actuators  such  that  their  net  volume  velocity  is  minimized.  Experiments  are 
described  that  measure  the  sound  transmission  loss  for  a  soft  mounted,  double  layer  corrugated  alu¬ 
minum  panel  driven  by  four  actuators  consisting  of  symmetrically-mounted,  cantilevered  beams 
with  end  masses  driven  by  unimorph  piezoelectric  elements.  A  feedback  control  system  is  designed 
by  serially  connecting  three  Tow-Thomas  biquad  filters  which  are  based  on  a  Motorola  LF347N  inte¬ 
grated  circuit  design.  Using  this  simple  analog  controller  with  the  panel’s  accelerations  as  an  input, 
experimental  results  show  that  the  inertial  actuators  mounted  at  the  center  of  the  panel  produce  up  to 
1 3  dB  improvement  in  both  vibration  reduction  and  noise  transmission  loss  of  the  panel. 


INTRODUCTION 

Passive  designs  to  increase  the  noise  transmission  loss 
(TL)  of  light-weight,  aircraft  trim  panels  in  the  low  to 
mid  frequency  ranges  encounter  physical  limitations  gov¬ 
erned  by  the  mass  law.  Some  work  has  been  carried  out  to  im¬ 
prove  the  acoustic  performance  of  lightweight  panels  by  in¬ 
creasing  the  thickness  of  panels,  number  of  stiffeners,  etc. 
[1,2],  but  few  such  designs  have  proved  practical  enough  to 
be  commercially  viable.  Further,  it  has  been  shown  that  ab¬ 
sorption  treatments,  such  as  fiber  glass,  have  little  effect  on 
the  TL  at  these  low  frequencies  [3].  While  honeycomb  sand¬ 
wich  panels  and  corrugation  panels  have  improved  TL  per¬ 
formance  at  low  frequencies  because  of  their  high  strength  to 
mass  ratio  [4,5],  this  improvement  is  often  offset  by  struc¬ 
tural  resonances  that  occur  within  the  TL  band  and  thus  it  is 
difficult  to  achieve  large  TL’s  with  these  designs  using  only 
passive  noise  control  technologies. 

If  the  structural  resonances  of  these  types  of  panels  are  ac¬ 
tively  controlled,  the  resonance  problem  could  be  obviated 
and  such  a  hybrid  design  could  prove  to  be  an  effective 
method  for  reducing  the  low  frequency  noise  in  cabins  of 
propeller-driven  aircraft  and  helicopters.  One  method  for  en¬ 
hancing  the  low  frequency  TL  into  say,  a  tiltrotor  cabin, 
would  be  to  replace  selected  sections  of  the  interior  trim 
panel  with  ultra-stiff,  ultra-light  panels  that  are  driven  with 
inertial  actuators.  Research  has  demonstrated  that  inertial 
shakers  embedded  in  individual  trim  panels  generate  the  nec¬ 
essary  control  forces  on  the  panels  to  minimize  the  sound 
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transmission  [6].  Given  the  proper  control  signals,  the  panels 
could  be  driven  by  the  actuators  such  that  their  net  volume 
velocity  is  minimized  [7-9].  For  this  method  to  be  practical, 
the  trim  panels  need  to  be  designed  such  that  their  structural 
bending  modes  occur  at  frequencies  well  above  the  range 
where  the  TL  is  to  be  enhanced  actively.  Meeting  this  re¬ 
quirement  insures  that  the  panel  motion  in  the  frequency 
range  of  control  is  of  the  rigid  body  type  that  produces  well- 
defined,  volume  velocity  patterns. 


PRELIMINARY  COMMENTS 

The  main  goal  of  this  research  is  to  enhance  the  noise 
transmission  loss  of  a  light-weight  trim  panel.  The  panel 
used  in  this  study  is  nearly  rigid  over  the  frequency  range  of 
interest  and  consequently,  the  panel  vibrates  in  piston-like 
and/or  rocking  motion  when  acoustically  excited.  It  is  well 
known  that  at  low  frequencies,  the  radiation  from  a  rigid 
body  panel  is  dominated  by  the  piston-like  mode  (i.e.,  the 
main  volume  displacing  mode).  The  design  goal  of  the  actua¬ 
tor  is,  therefore,  to  actively  constrain  the  vibration  of  the  pis- 
ton-like  mode  of  the  trim  panel.  When  the  actuator  force  is 
exerted  at  the  center  of  the  panel  with  the  requisite  magnitude 
and  phase,  the  net  force  on  the  surface  of  the  panel  is  nearly 
zero,  thus  preventing  sound  transmission  through  the  panel. 
Therefore,  by  constraining  the  panel  to  vibrate  as  a  rigid 
body,  a  reduction  in  transmission  loss  is  achieved  using  only 
structural  error  sensors,  eliminating  the  need  for  acoustic  in¬ 
formation  to  be  included  in  the  control  design.  This  design 
approach  simplifies  the  control  design  approach  as  com¬ 
pared  to  feedback  control  strategies  based  on  active  struc- 
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Figure  1.  Diagram  of  active  control  system  concept 


Figure  2.  Photograph  of  corrugated  trim  panel  with  PZT  inertial  ac¬ 
tuators. 


tural  acoustic  control  [10—13]  and  radiation  modal  control 
[14,15]. 

Vibration  control  of  the  panel  is  achieved  with  PZT  iner¬ 
tial  mass  actuators  located  near  the  center  of  the  trim  panel. 
The  actuators  location  is  chosen  to  most  efficiently  control 
the  motion  of  the  piston-like  mode.  These  actuators  consist 
of  symmetrically-mounted,  cantilevered  beams  (with  end 
masses)  driven  by  unimorph  piezoelectric  elements.  The 
feedback  controller  is  designed  by  serially  connecting  three 
Tow-Thomas  biquad  filters  which  are  based  on  Motorola 
LF347N  integrated  circuit  design.  The  input  to  the  controller 
is  the  acceleration  response  at  the  trim  panel's  center  (Figure 
1 ).  When  compared  with  other  active  structural  acoustic  con¬ 
trol  (AS  AC)  strategies,  which  generally  require  MIMO  (dis¬ 
tributed  control),  the  one  presented  in  this  research  is  based 
on  SISO  (local  control)  and  thus  is  more  economical  and 
easy  to  use. 

For  the  TL  measurements,  a  transmission  loss  facility  is 
used  which  connects  a  reverberation  chamber  to  an  anechoic 
receiving  chamber  through  a  common  opening  containing 
the  panel.  A  two-microphone  intensity  probe  is  used  to  mea¬ 
sure  the  total  sound  power  radiated  from  the  panel  to  the  re¬ 
ceiving  room  while  incident  sound  power  is  measured  in  the 
reverberation  room  in  terms  of  the  spatial  average  of  sound 
pressure  level. 


TRIM  PANEL  AND  ACTUATOR  DESIGN 

The  panel  used  in  this  research  is  fabricated  from  two  cor¬ 
rugated  aluminum  panels  attached  orthogonally  to  maximize 
bending  stiffness  (Figure  2).  The  panel  is  18  inches  per  side 
and  weighs  approximately  1  lb/ft2.  The  first  bending  mode 
occurs  above  275  Hz. 

The  design  of  the  inertial  actuator  (Figure  2)  consists  of  a 
mass  loaded,  cantilevered  beam  covered  with  a  unimorph  pi¬ 
ezoelectric  patch  along  its  top  surface.  The  inertial  actuators 
are  designed  such  that  they  have  the  first  and  second  reso¬ 
nance  frequency  at  25  Hz  and  285  Hz,  respectively  so  that 
they  produce  control  forces  in  the  enhanced  frequency  range 
with  flat  response  characteristics.  Each  control  actuator 
weighs  only  45  g  and  produces  0.1  N  force  in  the  TL  fre¬ 
quency  range.  One  pair  of  actuators  is  mounted  on  the  front 
side  of  the  panel  (symmetrically  to  balance  their  bending  mo¬ 
ments)  with  a  second  pair  mounted  on  the  rear  side.  Each  pair 
is  driven  with  the  same  feedback  control  signals  but  of  oppo¬ 
site  polarity  to  sum  the  control  forces  in  the  same  direction. 


CONTROLLER  DESIGN 

The  control  system  is  a  SISO  feedback  controller  whose 
error  signal  is  the  acceleration  at  the  panel's  center.  Before 
designing  the  feedback  control  system,  a  mathematical 
model  of  the  given  plant  is  generated.  For  this,  experimental 
data  for  system  identification  are  obtained  by  measuring  the 
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Figure  3.  Circuit  diagram  of  Tow-Thomas  filter. 


transfer  function  of  the  secondary  plant  driven  by  the  four  in¬ 
ertial  mass  actuators.  The  frequency  response  data  is  then 
curve  fitted  using  a  least-squares  method.  After  the  plant 
model  is  identified,  pole  and  zero  representations  are  used  to 
design  the  controller. 

The  feedback  controller  can  be  assumed  to  be  a  nth  order 
pole  zero  model  as 


matical  expression  and  the  circuit  diagram  are  shown  in 
Equation  (2)  and  Figure  3,  respectively. 


Vo 

Vi 


S2  +  S- 


£\Ri  R3)  C f 

S2  +  S  +  — r^- 
QCR  C2R2 


(2) 


Hc(s)  = 


k(s-Zi)...(s-Zn) 
0”  pn) 


(1) 


The  goals  of  the  controller  are  to  generate  a  very  large 
gain  at  the  specific  frequencies  for  the  open  loop  transfer 
function,  and  to  make  the  closed  loop  gain  as  low  as  pos¬ 
sible  over  the  controlled  frequency  range.  This  can  be 
achieved  with  the  following  strategies.  First,  the  poles  of 
the  controller  are  selected  close  to  the  imaginary  axis  on  the 
left  half  of  the  S  plane  so  that  the  damping  ratios  of  the  open 
loop  transfer  function  are  very  low.  This  makes  the  magni¬ 
tude  of  the  open  loop  transfer  function  become  large  at  the 
pole  frequencies.  Second,  the  zeros  of  the  controller  are  se¬ 
lected  far  away  from  the  imaginary  axis  to  make  the  closed 
loop  poles  of  the  whole  system  have  higher  damping  ratios  as 
the  controller  gain  k  increases.  The  value  of  gain  k  may  be 
limited  by  the  stability  condition  of  closed  loop  system  and 
the  saturation  bound  of  the  driving  signal  applicable  for  the 
actuator  amplifier. 

The  analog  control  circuits  are  conducted  by  serially  con¬ 
necting  three  Tow-Thomas  biquad  filters  which  are  based  on 
a  Motorola  LF347N  integrated  circuit  design  [6].  The  Tow- 
Thomas  biquad  filter  is  a  second  order  filter  whose  mathe- 


The  values  for  resistors  and  the  capacitors  which  are  se¬ 
lected  to  implement  the  three  biquad  filters  are  listed  in  Ta¬ 
ble  1. 


TESTING  PROCEDURE  AND  RESULTS 

Initially,  the  transfer  functions  of  the  secondary  plant 
driven  by  the  four  inertial  actuators  are  measured.  Figure  4 
compares  the  measured  results  of  the  transfer  function  with 
the  curve-fitted  model.  In  the  measured  results,  the  first  peak 
occurs  at  25  Hz  which  corresponds  exactly  to  the  first  reso¬ 
nance  frequency  of  the  actuator.  For  this  particular  study,  the 
frequency  range  of  interest  (i.e.,  the  enhanced  TL  range)  is 
between  50  Hz  and  150  Hz  where  the  first  resonance  fre¬ 
quency  of  the  panel  occurs. 

The  panel  is  soft  mounted  in  an  opening  between  a  rever¬ 
beration  chamber  as  the  source  room  and  an  anechoic  cham¬ 
ber  as  the  receiving  room.  Figure  5  shows  the  block  diagram 
for  the  experimental  setup  of  the  analog  feedback  control 
system.  Figure  6  shows  the  comparison  of  the  vibration  mag¬ 
nitudes  at  the  center  of  the  panel  with  and  without  feedback 
control  under  broad-band  acoustic  excitation.  The  results  in- 


Table  1.  Resistor  and  capacitor  values  used  to  implement  the  Tow-Thomas  biquad  filters . 


Zeros  Poles  C  (nF)  R  (kD)  QR  (kfl)  (kft) 


-250  ±  1000/ 
-280  ±  380/ 
-250  ±  140/ 


200.44 

719.59 

435.92 


413.22 

412.37 

367.43 


129.13 

128.87 

257.20 


R2  (kfi) 

212.97 

59.08 

186.77 


Section  1 
Section  2 
Section  3 


-800  ±  600/ 
-800  ±  600/ 
-400  ±  600/ 


Vibration  Response  M  agnitude  (dB)  Phase  (degree) 
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Figure  7.  Enhancement  of  noise  transmission  loss  with  control. 


dicate  that  more  than  15  dB  vibration  reduction  of  accelera¬ 
tion  at  the  resonance  frequency  of  the  panel  is  obtained  with 
four  actuators  driven  by  the  appropriate  feedback  control 
signal.  Similarly,  Figure  7  shows  the  comparison  of  the  TL  of 
the  panel  with  and  without  feedback  control  under  broad¬ 
band  acoustic  excitation.  The  TL  measurement  indicates  that 
up  to  13  dB  enhancement  is  possible  in  the  80  Hz  1/3  octave 
band,  corresponding  to  the  first  resonance  frequency  of  the 
panel.  The  noise  TL  was  calculated  from  Equation  (3)  using 
the  measurement  results  of  the  average  sound  pressure  level 
in  the  source  room  and  the  sound  power  level  transmitted 
through  the  panel  to  the  receiving  room  and  measured  near 
the  panel  with  a  scanning  acoustic  intensity  probe. 

TL  =  SPL  -  PWL  +  10  log 

where  SPL  is  the  spatial  average  sound  pressure  level  in  the 
reverberation  room,  PWL  is  the  sound  power  transmitted 
through  the  panel  and  S  is  the  area  of  the  panel. 


CONCLUSIONS 

Low  frequency  enhancement  of  the  transmission  loss  for 
an  aircraft  trim  panel  specifically  designed  to  be  lightweight 
and  ultra-stiff  was  demonstrated  using  PZT  driven  inertial 
actuators  and  a  simple  analog  feedback  control  for  broad¬ 
band  acoustic  excitation.  The  analog  feedback  controller  has 
only  one  feedback  signal  of  acceleration  and  drives  four  ac¬ 
tuators  with  the  same  output  signal.  It  was  designed  by  seri¬ 
ally  connecting  three  Tow-Thomas  biquad  filters.  The  trim 


panel  was  fabricated  from  two  orthogonally  joined,  corru¬ 
gated  aluminum  panels,  such  that  the  first  structural  reso¬ 
nance  frequency  was  well  above  the  enhanced  TL  range.  Ex¬ 
perimental  results  show  that  the  inertial  actuators  mounted  at 
the  center  of  the  panel  produce  up  to  13  dB  improvement  in 
both  vibration  reduction  and  sound  transmission  loss  by  con¬ 
trolling  the  first  rigid  body  resonance  frequency  of  the  panel 
which  occurs  at  approximately  80  Hz. 

Further  research  will  be  directed  to  demonstrating  the  con¬ 
trol  method  with  trim  panels  mounted  on  sections  of  an  air¬ 
craft  fuselage  to  confirm  that  the  locally-controlled  trim  pan¬ 
els  produce  global  reductions  in  overall  sound  power  within 
the  cabin. 
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Commonly,  sound  power  radiated  from  vibrating  machinery  is  measured  either  with  a 
two-microphone  intensity  probe  or  in  a  reverberant  chamber  using  a  reference  source.  However,  for 
sound  source  identification,  it  is  difficult  to  isolate  the  sound  power  radiated  from  specific  areas 
from  the  total  sound  power  using  these  conventional  methods.  To  facilitate  this  type  of 
measurement,  a  type  of  intensity  probe  has  been  developed  that  measures  sound  intensity  directly  on 
the  surface  of  a  vibrating  structure.  It  is  comprised  of  an  accelerometer  and  a  microphone  and 
requires  a  straightforward  calibration  which  measures  the  phase  shift  in  the  microphone  relative  to 
the  accelerometer.  This  is  accomplished  with  a  device  that  supports  the  probe  on  the  top  of  a 
piezoelectric  actuator  and  encloses  both  within  a  small  cavity.  This  method  provides  a 
frequency-dependent  phase  correction  for  the  microphone  referenced  to  the  accelerometer.  For 
evaluation  at  low  frequencies  where  the  probe  is  most  applicable,  its  performance  compares 
favorably  (to  within  1  dB)  with  the  two-microphone  intensity  probe  measurement  for  the  case  of 
sound  radiating  from  a  square,  clamped  plate.  ©  2000  American  Institute  of  Physics. 
[S0034-6748(00)008 1 1  -X] 


I.  INTRODUCTION 

Sound  power  is  a  useful  quantity  for  comparing  and  rat¬ 
ing  noise  radiated  by  different  machines  or  machine  compo¬ 
nents.  It  has  the  benefit  of  quantifying  a  sound  source  with  a 
single  scalar  value  as  opposed  to  sound  pressure  or  vibration 
quantities,  which  are  spatially  dependent.  Several  different 
methods  can  be  used  to  determine  sound  power  depending 
on  the  acoustic  environment  and  nature  of  the  sound  source. 
The  method  described  herein  is  the  surface  acoustic  intensity 
method,  which  computes  sound  power  by  a  surface  integral 
of  acoustic  intensity  measured  over  a  vibrating  surface. 1 

Until  the  arrival  of  solid-state  devices  in  the  1970s,  ac¬ 
curate  measure  of  the  acoustic  velocity  component  (based  on 
pressure  gradients)  of  acoustic  intensity  was  difficult  due  to 
instrumentation  and  transducer  limitations.2  In  1977,  inde¬ 
pendent  investigations  by  Fahy3  and  Chung4  served  as  the 
beginning  for  modem  acoustic  intensity  methods.  They  for¬ 
mulated  a  cross-spectral  method  for  calculating  acoustic  in¬ 
tensity  using  two  microphones  together  with  the  fast  Fourier 
transform  analyzer.  In  that  same  year,  Hodgson5  successfully 
demonstrated  the  surface  intensity  technique  using  an  accel¬ 
erometer  and  a  closely  located  microphone  to  measure  sound 
power  from  a  large  centrifugal  chiller.  Other  pioneering  ef¬ 
forts  also  determined  sound  radiation  from  vibrating  struc¬ 
tures  using  surface  vibration  measurements  in  conjunction 
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with  a  microphone.6’8  Over  the  last  two  decades,  refinements 
of  acoustic  intensity  measurements  mainly  have  focused  on 
the  two-microphone  intensity  probe,  but  surface  intensity 
techniques  have  also^been  improved  as  well.  McGary  and 
Crocker,9  and  Wa^r  and  Crocker10  give  excellent  over¬ 
views  of  the  surface  intensity  technique,  respectively.  Sur¬ 
face  intensity  probes  are  designed  to  measure  acoustic  inten¬ 
sity  on  vibrating  structures  such  as  machine  components, 
automobile  engines,  aircraft  panels,  etc.  To  make  such  mea¬ 
surements  on  these  types  of  structures,  some  knowledge  of 
the  structure’s  modal  response  is  necessary  a  priori  to  insure 
that  a  minimum  spatial  sampling  criterion  is  met.  Satisfying 
this  requirement  will  be  treated  in  detail  later  in  this  article. 
One  advantage  of  the  surface  acoustic  intensity  probe  over 
the  two-microphone  method  is  that  the  probe  can  measure 
sound  intensity  on  surfaces  that  are  often  inaccessible  to  the 
larger,  two-microphone  probe  apparatus.  For  example,  the 
surface  probe  is  particularly  useful  for  noise  ranking  analysis 
in  structures  that  have  highly  complicated  geometry  such  as 
found  in  the  engine  compartment  of  an  automobile. 

The  subject  of  this  article  is  the  development  and  evalu¬ 
ation  of  a  probe  that  measures  the  acoustic  intensity  directly 
on  a  vibrating  surface.  The  focus  of  this  study  was  twofold. 
First,  a  practical  method  was  devised  to  calibrate  the  probe 
and  then,  its  performance  was  evaluated  on  a  complex  radi¬ 
ating  structure.  For  this  evaluation,  the  sound  power  radiat¬ 
ing  from  a  square,  clamped  plate  at  low  frequencies  was 
selected. 
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FIG.  1.  Photograph  of  surface  intensity  probe  with  a  dime  illustrating  its 
small  size. 


Acoustic  intensity  is  calculated  from  sound  pressure  and 
surface  normal  acceleration  by  simple  manipulation  of  the 
definition  for  acoustic  intensity.  In  the  frequency  domain,  the 
time-averaged  acoustic  intensity  normal  to  a  surface  /( t o )  is 
defined  as  one  half  the  real  part  of  the  product  of  sound 
pressure  P(<o)  and  complex  conjugate  of  normal  surface  ve¬ 
locity 

7(a))  =  iRe[P(W).F*(a>)].  (1) 

By  substituting  the  cross  spectrum  of  pressure  and  accel¬ 
eration  in  Eq.  (1),  the  acoustic  intensity  measured  by  the 
accelerometer  and  the  microphone  is 

/(*))  = ^*(o>)],  (2) 

Z  ‘  (2) 

where  A*(a))  is  the  complex  conjugate  of  normal  surface 
acceleration. 

Sound  power  W(a>)  can  be  written  in  terms  of  the  acoustic 
intensity  /(&>)  and  its  surface  area  S  as 

N 

W(co)  =  2  Ii(<o)  Si,  (3) 

1*1 

where  N  is  the  number  of  surface  elements. 

The  probe  was  designed  such  that  the  acceleration  vector 
is  positive  when  the  surface  accelerates  outward. 


11.  DESIGN  OF  SURFACE  INTENSITY  PROBE 

The  probe  design  combines  a  highly  sensitive  piezoelec¬ 
tric  ceramic  accelerometer  (PCB  352A22,  PCB  Inc.)  and  an 
inexpensive  electric  condenser  microphone  (Panasonic  WM- 
62A)  within  a  common  titanium  housing.  The  cylindrical 
housing  is  1.46  cm  tall  and  1.10  cm  in  diameter,  as  shown  in 
Fig.  L  The  microphone  is  located  beneath  a  protective  tita¬ 
nium  grid  on  the  front  of  the  probe.  The  probe  weighs  5  g, 
minimizing  surface  loading.  The  microphone  requires  a 
charge  amplifier  while  the  accelerometer  uses  a  PCB  induc¬ 
tively  coupled  plasma  voltage  amplifier.  The  probe  surface 
mounts  by  standard  adhesives  used  for  accelerometers.  The 
performance  of  the  probe  is  designed  for  a  frequency  range 
of  50-1600  Hz. 
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FIG.  2.  Frequency  response  of  probe  accelerometer  relative  to  PCB353M 15 
accelerometer:  (a)  logarithmic  magnitude  of  frequency  response  and  (b) 
phase  of  frequency  response. 

III.  CALIBRATION  OF  SURFACE  INTENSITY  PROBE 
A.  Calibration  of  sensitivity 

For  measuring  the  frequency  response  of  the  accelerom¬ 
eter  in  the  probe  relative  to  a  calibrated  accelerometer 
(PCB353M15),  whose  frequency  response  is  flat  in  fre¬ 
quency  up  to  1600  Hz,  the  surface  intensity  probe  and  the 
accelerometer  were  mounted  on  a  shaker  that  was  driven  by 
white  noise.  The  frequency  response  [shown  in  Fig.  2(a)] 
indicates  that  the  sensitivity  of  the  accelerometer  is  nearly 
constant  over  the  30-1600  Hz  frequency  range.  Conse¬ 
quently,  the  sensitivity  of  the  probe  accelerometer  can  be 
measured  with  conventional  methods,  such  as  a  hand-held 
calibrator,  e.g.,  PCB’s  model  394006  that  produces  a  precise 
9.81  m/s-2  acceleration  at  160  Hz.  The  phase  difference  be¬ 
tween  the  two  accelerometers  was  negligible  [Fig.  2(b)]. 

For  measuring  the  frequency  response  of  the  probe  mi¬ 
crophone  relative  to  a  calibrated  microphone  (B&K4134), 
whose  frequency  response  is  flat  in  frequency  up  to  1 600  Hz, 
the  surface  intensity  probe  and  the  calibration  microphone 
were  set  side  by  side  in  an  anechoic  chamber.  Both  micro¬ 
phones  measured  sound  pressure  from  a  loudspeaker  located 
20  cm  in  front  of  the  microphones  and  driven  with  white 
noise.  The  frequency  response  [shown  in  Fig.  3(a)]  indicated 
that  the  sensitivity  of  the  probe  microphone  is  nearly  con¬ 
stant  over  the  30-1600  Hz  frequency  range.  As  in  the  case  of 
the  accelerometer,  the  sensitivity  can  thus  be  measured  with 
conventional  methods,  such  as  a  pistonphone,  e.g.,  B&K7s 
model  4220  that  produces  a  precise  124  dB  sound  pressure 
level  at  250  Hz.  From  Fig.  3(b),  it  is  evident  that  a  large 
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FIG.  3.  Frequency  response  of  probe  microphone  relative  to  B&K4134 
microphone:  (a)  logarithmic  magnitude  of  frequency  response  and  (b)  Phase 
of  frequency  response. 

phase  difference  between  the  two  microphones  occurs  below 
100  Hz.  Consequently,  the  calibration  method  described  in 
the  next  section  was  developed  to  measure,  and  subsequently 
correct  for,  the  phase  shift  of  the  probe  microphone  relative 
to  the  probe  accelerometer  in  this  frequency  range. 

B.  Calibration  technique  for  phase  correction  between 
probe  microphone  and  accelerometer 

The  calibrator  design  uses  a  piezoelectric  actuator  (PCB 
712M04)  as  the  excitation  source  within  a  sealed  air  cavity. 
The  actuator’s  circular  plate  is  driven  with  a  piezoceramic 
disk  bonded  to  the  plate’s  undersurface.  The  probe  is  bonded 
to  the  circular  plate  as  shown  in  Fig.  4.  With  the  enclosure  in 
place  and  actuator  vibrating,  the  probe’s  accelerometer  mea- 


FIG.  4.  Photograph  of  calibrator  for  phase  correction. 


FIG.  5.  Experimental  setup  for  phase  correction. 


sures  the  motion  of  the  circular  plate  while  the  probe’s  mi¬ 
crophone  measures  the  acoustic  disturbance  due  to  the  volu¬ 
metric  change  caused  by  the  actuator. 

A  photograph  of  the  piezoelectric  actuator  and  calibra¬ 
tion  enclosure  is  shown  in  Fig.  4.  The  diameter  of  the  actua¬ 
tor  face  is  3.27  cm.  The  height  of  the  calibrator  cavity  is 
designed  to  ensure  that  the  first  acoustic  modal  frequencies 
are  well  above  1600  Hz. 

The  frequency-dependent  phase  shift  of  the  microphone 
relative  to  the  accelerometer  is  obtained  by  measuring  their 
transfer  function.  To  relate  this  to  the  geometry,  the  calibra¬ 
tion  cavity,  and  the  acoustic  pressure  within  the  cavity,  the 
following  theory  is  developed  which  uses  a  simple  derivation 
for  a  pressure  field  in  a  small  cavity.  Volume  displacement  D 
(also  referred  to  as  volumetric  change  in  a  cavity)  is  shown 
in  Eq.  (4):— 


V 

Poc2 


(4) 


where  V  is  the  volume  of  cavity,  p0  is  the  density  of  air,  c  is 
the  speed  of  sound  in  air,  and  pcav  is  the  sound  pressure  in 
the  cavity.  The  negative  sign  in  Eq.  (4)  represents  a  decrease 
in  cavity  volume  because  of  a  positive  displacement.  In  the 
cavity,  there  is  zero  phase  between  the  volume  displacement 
and  the  pressure  in  the  frequency  range  of  interest.  There¬ 
fore,  the  phase  between  the  volume  acceleration  and  the 
pressure  should  be  1 80°  out  of  phase. 

By  using  a  transfer  function  Hph  between  the  probe  mi¬ 
crophone  and  the  accelerometer  in  the  calibrator,  the  sound 
intensity  with  phase  correction  7ph(o>)  is  calculated  as 


iPb(<»)= 


P(a>)A*(o) 

h ph/|/g 


(5) 


C.  Experimental  setup  and  results 

The  experimental  setup  for  measuring  the  transfer  func¬ 
tion  between  the  microphone  and  accelerometer  is  shown  in 
Fig.  5.  For  an  air-tight  seal  around  the  calibrator  enclosure, 
the  holes  were  sealed  with  clay  where  electrical  leads  pro¬ 
trude  through  the  enclosure. 

The  measured  phase  of  the  probe  microphone  relative  to 
the  accelerometer  in  the  cavity  of  the  calibrator  is  shown  in 
Fig.  6.  As  a  check  on  this  measurement,  the  phase  shift  of  the 
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FIG.  6.  Phase  characteristic  between  probe  microphone  and  accelerometer. 
The  bold  line  indicates  the  phase  measured  by  calibrator  and  the  thin  line 
indicates  the  phase  calculated  by  the  phase  shift  data  shown  in  Figs.  2(b) 
and  3(b)  and  the  published  phase  error  of  the  calibrated  B&K  microphone. 

probe  microphone  relative  to  the  calibrated  B&K  micro¬ 
phone  [shown  in  Fig.  3(b)]  and  the  phase  shift  of  the  probe 
accelerometer  relative  to  the  calibrated  PCB  accelerometer 
[shown  in  Fig.  2(b)]  were  applied  in  the  following  way. 
Combining  the  phase  data  from  Figs.  2(b)  and  3(b),  and  us¬ 
ing  the  published  phase  error  of  the  calibrated  B&K 
microphone,—  the  phase  of  the  probe  microphone  relative  to 
the  accelerometer  was  calculated  and  plotted  in  Fig.  6.  Be¬ 
low  400  Hz,  phase  measurements  using  the  calibrator  were 
not  satisfactory  because  of  the  low  amplitude  of  the  actuator 
sound  source.  However,  above  400  Hz,  there  is  good  agree¬ 
ment  between  the  phase  of  the  probe  and  calibration  micro¬ 
phone,  and  thus  the  validity  of  the  calibration  method  is 
demonstrated.  The  calibration  cavity  method  is  straightfor¬ 
ward  and  provides  an  accurate  measure  of  the  phase  shift 
between  the  probe  microphone  and  accelerometer  needed  for 
the  acoustic  intensity  calculation. 


IV.  PERFORMANCE  EVALUATION  USING  A  SQUARE, 
CLAMPED  PLATE 

To  test  the  accuracy  of  the  surface  intensity  probe  on  a 
distributed  radiator,  an  experiment  was  designed  to  quantify 
the  extent  of  error  in  a  sound  power  measurement  that  is 
introduced  by  summing  discrete  intensity  measurements  over 
a  given  surface.  A  vibrating  clamped  plate  was  chosen  for 
this  investigation  because  of  its  known  vibration  patterns.  As 
a  basis  for  comparison,  the  sound  power  radiated  from  the 
plate  was  measured  with  both  the  surface  acoustic  intensity 
probe  and  the  two-microphone  method. 

A.  Experimental  setup 

The  test  specimen  was  a  square  29  cm  by  29  cm  by  1 
mm  aluminum  plate  with  highly  symmetric  mode  shapes. 
The  plate  is  bonded  to  a  stiff  frame  that  provides  clamped 
boundary  conditions.  A  lightweight  loudspeaker  is  attached 
to  the  center  of  the  plate  via  an  aluminum  push  rod  for 
center-point  excitation.  A  schematic  of  the  plate  is  shown  in 
Fig.  7.  The  plate  was  divided  into  nine  equal  areas  and  the 
probes  were  attached  at  the  center  of  these  nine  areas  for 
symmetrical  loading  during  all  measurements.  Because  of 
the  symmetry  in  the  plate  modes,  the  signal  processing  can 
be  reduced  by  rotating  only  one  surface  intensity  probe  to  the 


FIG.  7.  Schematic  diagram  of  the  plate  and  the  discrete  nine  probes  of  the 
plate. 

three  discrete  areas  (see  Fig.  7).  Thus,  only  one  probe  sensi¬ 
tivity  and  phase  correction  was  needed  to  compute  the  sound 
power. 

The  plate  was  placed  on  the  floor  in  semianechoic  room 
and  excited  at  0—800  Hz  of  white  noise  from  the  signal  ana¬ 
lyzer  (HP35660A).  With  the  surface  intensity  probe,  sound 
intensity  was  measured  at  the  three  designated  elements  up 
to  800  Hz.  Using  Eq.  (3),  the  sound  power  W(c o)  from  this 
specimen  can  be  determined  as 

^(ft))  =  (4/,(w)  +  4/2(a))  +  /3(£i>)).1S0,  (6) 

where  1{ ,  /2,  and  /3  were  surface  acoustic  intensities  mea¬ 
sured  by  the  same  probe  mounted  on  the  surface  element 
corresponding  to  the  notation  shown  in  Fig.  7.  S0  is  the  area 
of  one  element  of  the  specimen. 

The  sound  power  was  also  measured  with  scanning  two 
microphones  over  an  open  cubical  frame  86  cm  on  a  side  that 
encloses  the  test  specimen  (shown  in  Fig.  8). 
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FIG.  12.  Comparison  of  sound  power;  gray  and  black  bars  are  measured  at 
9  and  81  elements  (using  the  B&K  microphone  and  laser  vibrometer),  re* 
spectively.  The  white  bar  is  measured  with  die  two-microphone  probe. 


detail,  the  number  of  measurement  points  per  structural 
wavelength  at  the  first,  second,  and  third  mode  of  the  plate 
and  their  corresponding  errors  in  intensity  computations 
were  extracted  from  the  9  and  81  element  measurements 
(shown  in  Fig.  13).  This  graph  demonstrates  that  a  minimum 
number  of  measurement  points  per  structural  wavelength  is 
necessary  to  measure  sound  power  with  the  surface  intensity 
method  to  an  accuracy  within  a  few  decibels.  The  experi¬ 
mental  data  indicate  that  this  number  is  approximately  six 
points  per  structural  wavelength.  Thus,  in  making  surface 
acoustic  intensity  measurements,  it  is  important  that  ad- 


polnts  per  stractural  wavelength 


FIG.  13.  Relationship  between  sound  power  error  and  measurement  points 
per  structural  wavelength:  dots  are  experimental  data  and  the  solid  line  is  the 
approximate  curve  from  the  experimental  data. 


equate  knowledge  of  the  structure’s  modal  response  is  avail¬ 
able  a  priori . 

APPENDIX:  NOMENCLATURE 

A(cd)  normal  surface  acceleration 

D  volume  displacement  in  air  cavity 

Hph  transfer  function  with  phase  correction  between 

probe  microphone  and  accelerometer 
1(a))  time-averaged  acoustic  intensity  normal  to  surface 

7ph(w)  time-averaged  acoustic  intensity  normal  to  surface 

with  phase  correction 
N  number  of  surface  elements 

P(  a))  sound  pressure 

S  surface  area 

V  volume  of  air  cavity 

V(<o)  normal  surface  velocity 

W(  at)  sound  power 

c  speed  of  sound  in  air 

pcav  sound  pressure  in  air  cavity 

p0  density  of  air 

a)  angular  velocity 
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Abstract.  This  paper  presents  a  design  methodology  for  reducing  radiated  noise  from  enclosures  using  multiple 
optimized  tuned  absorbers.  The  methodology  starts  from  the  sound  power  spectrum  of  the  enclosed  noise  source 
and  ends  with  optimally  sized/located  absorbers  on  a  surrounding  thin  shell  enclosure.  The  design  approach 
combines  a  finite  element  method  vibration  prediction  code,  a  boundary  element  method  sound  power  prediction 
code  and  a  combined  stochastic/gradient-based  optimization  algorithm.  A  design  example  has  been  optimized  for 
a  thin  shell  covering  a  motor/gearbox.  The  addition  of  a  small  amount  of  weight  (130  g  or  1.6%  of  the  weight  of 
the  shell)  produced  substantial  reductions  in  radiated  sound  power  (13  dB  in  the  targeted  1/3  octave  band  centered 
at  125  Hz).  The  design  has  been  validated  by  experiment. 

Keywords:  vibration  absorbers,  optimization,  noise  reduction,  sound  power 


1.  Introduction 

The  sound  radiating  components  of  most  machines,  e.g.,  casings  of  rotating  or  reciprocating 
machines,  generally  are  fabricated  from  thick  metal  plates  which  have  high  mechanical 
impedances.  Consequently,  it  is  very  difficult  to  modify  the  acoustic  radiation  characteristics 
of  these  components  via  addition  of  mass,  stiffness  or  damping.  An  alternative  approach 
that  can  be  taken  is  to  enclose  such  noise  sources  (e.g.  gearboxes)  with  optimally  designed 
lightweight  enclosure  to  reduced  their  radiated  noise.  Thus,  we  need  only  to  focus  on  the 
design  of  a  thin  shell  structure  with  low  mechanical  impedance  whose  acoustic  radiation 
is  highly  sensitive  to  parameters  such  as  mass,  stiffness  and  damping.  Here,  we  show 
how  multiple  tuned  absorbers  may  be  optimally  sized  and  located  on  the  shell  enclosure 
so  as  to  alter  its  dynamic  response  and  thus  minimize  its  radiated  noise.  This  approach  is 
also  applicable  to  low  impedance  shell  casings  such  as  on  appliances  and  automobile  valve 
covers. 

Work  has  been  done  on  altering  the  dynamic  response  of  a  vibrating  shell  by  restructuring 
its  mode  shapes  by  use  of  optimally  located  point  masses  (Constans  et  al.,  1998).  The 
efficacy  of  the  approach  was  also  verified  experimentally.  However,  modal  tailoring  is  not 
always  possible — for  example,  low  frequency,  large  volume  displacing  modes  are  difficult 
to  alter  with  additions  of  point  masses.  Further,  if  the  response  of  the  enclosure  is  a  forced 
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vibration  due  to  a  very  high  impedance,  broadband  noise  source,  modal  tailoring  via  mass  or 
stiffness  variations  may  not  be  possible.  See  Christensen  et  al.  ( 1 998)  for  work  on  structural 
optimization  in  acoustics.  For  high  impedance  structures,  the  approach  pursued  in  this  paper 
is  one  of  attaching  tuned  absorbers  (mathematically,  point  mass/stiffness/damping)  to  the 
vibrating  enclosure  to  minimize  its  radiated  or  transmitted  sound  power. 


2.  Previous  work  on  tuned  absorbers 

Tuned  absorbers  were  used  as  vibration  reduction  devices  since  their  invention  by  Frahm 
at  the  beginning  of  this  century  (Frahm,  1911).  The  original  theory  and  optimization  of 
a  tuned  absorber  were  developed  by  Ormondroyd  and  Den  Hartog  in  1927  (Ormondroyd 
and  Den  Hartog,  1927).  They  studied  the  simplest  case:  a  single  tuned  absorber  on  a 
single  degree-of-freedom  system  used  to  control  a  narrow  band  of  frequencies.  More  re¬ 
cently,  researchers  have  studied  the  use  of  tuned  absorbers  in  reducing  vibrations  with  white 
noise  excitation  (Asami  et  al.,  1991),  and  the  use  of  multiple  tuned  absorbers  for  situations 
where  absorber  manufacturing  errors  may  render  single  absorbers  ineffective  (Abe  and 
Fujino,  1994).  Klasztomy  (1995)  presents  a  set  of  optimal  design  curves  for  multiple  tuned 
absorbers  on  a  lightly  damped  structure.  A  matrix  equation  is  given  whereby  the  dynamic 
response  of  a  structure  with  multiple  tuned  absorbers  may  be  predicted.  The  designer  may 
use  the  design  curves  to  optimize  each  absorber  individually,  and  then  use  the  matrix  equa¬ 
tion  to  determine  the  coupling  between  absorbers,  returning  the  absorbers  as  needed.  This 
approach  has  two  major  disadvantages:  first,  coupling  between  absorbers  (which  is  signif¬ 
icant  on  lightweight  structures)  is  not  accounted  for  in  the  optimization  curves.  Second, 
evaluation  of  coupling  between  absorbers  requires  a  full  complex  eigenvalue  analysis. 

A  more  practical  method  of  analysis  of  structures  with  several  tuned  absorbers  is  given 
by  Hamill  and  Andrew  (1971)  and  by  Kitis  et  al.  (1984).  In  their  method,  the  analysis  of  the 
full  structure  need  only  be  performed  once;  the  dynamic  response  as  a  function  of  absorber 
parameters  are  determined  by  an  efficient  re-analysis  procedure.  This  allows  optimization, 
involving  iterative  analysis,  to  be  carried  out  in  a  reasonable  amount  of  time.  A  modified 
version  of  their  approach  is  used  in  this  paper. 


3.  Basic  approach  for  high  mechanical  impedance  structures 

For  purposes  of  illustration,  consider  a  gearbox  (the  noise  source)  as  shown  in  figure  1. 
The  gearbox  has  several  enclosing  structural  elements,  e.g.,  plates,  which  are  usually  veiy 
thick  and  thus  direct  addition  of  tuned  resonators  on  these  plates  only  affects  the  acoustic 
response  marginally.  As  mentioned  earlier,  our  strategy  here  is  to  enclose  the  gearbox 
in  an  enclosure  which  is  an  air-tight  enclosure  made  of  thin  sheet  metal.  Where  there  is 
a  small  gap  between  the  enclosure  and  the  component  (such  as  where  the  shaft  exits  the 
gearbox),  an  acoustic  seal  is  inserted  to  retain  an  airtight  enclosure.  The  idea  here  is  to  size 
and  optimally  locate  tuned  absorbers  onto  the  enclosure  to  minimize  transmitted  noise  as 
shown  in  figure  2. 

The  basic  steps  in  the  design  approach  are  given  below.  Details  are  presented  in  the 
sections  that  follow. 
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Figure  1.  Schematic  of  a  gearbox— the  noise  source. 


Figure  2.  An  enclosure  around  the  noise  source  with  tuned  absorbers. 

Step  1.  First,  the  power  spectrum  of  the  sound  power  radiating  from  the  gearbox  must  be 
experimentally  determined  to  identify  the  frequency  band  within  which  the  sound  power 
levels  are  high  at  the  operating  condition.  Within  this  band,  the  sound  power  W  may  be 
discretized  as 

O^max 

W  =  J2  W(a>i) 

W  is  obtained  by  summing  the  total  radiated  sound  power  at  each  frequency  or  at  reso¬ 
nances  over  the  frequency  interval. 
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Step  2.  Fabricate  a  lightweight  enclosure  structure  and  determine  its  dynamic  response  via 
modal  analysis  experiments. 

Step  3.  Develop  a  finite  element  model  of  the  enclosure,  and  iterate  and  ultimately  validate 
the  model  by  comparison  with  the  modal  analysis  experiments. 

Step  4.  With  the  enclosed  gearbox  running  at  typical  operating  conditions,  measure  accel¬ 
erations  at  selected  points  on  the  enclosure.  From  this  data,  back-calculate  the  forcing 
function  using  a  generalised  inverse  method. 

Step  5.  Using  surface  accelerations  computed  from  the  combined  numerical  and  experimen¬ 
tal  model,  validate  the  acoustical  model,  by  correlating  the  sound  power  of  the  enclosure 
measured  experimentally  with  that  computed  via  the  numerical  model. 

Step  6.  Optimize  the  enclosure  design  (a  shell  structure)  using  tuned  absorbers.  The  ob¬ 
jective  will  be  to  minimize  W  as  given  above.  Design  variables  will  be  the  locations  and 
values  of  the  absorber  parameters.  Shape  of  the  enclosure  may  also  be  considered  at  this 
stage. 

Step  7.  Fabricate  the  prescribed  tuned  absorbers  with  optimum  parameters  given  by  the 
optimization  program.  This  will  require  experimental  testing  of  the  fabricated  absorbers. 

Step  8 .  For  the  experimental  validation  of  the  method,  we  proceed  in  the  following  way. 
Once  the  optimal  tuned  absorber  distribution  is  achieved  with  the  numerical  studies,  we 
then  modify  the  physical  system  accordingly,  e.g.,  add  tuned  absorbers  in  the  designated 
locations  as  specified  by  the  program,  and  measure  the  radiated  sound  power.  This  can 
be  achieved  with  three  different  methods.  On  a  real  system,  the  sound  power  can  be 
1)  computed  numerically  in  terms  of  surface  accelerations,  2)  measured  directly  using 
the  two-microphone  intensity  probe  method,  and  3)  measured  directly  using  the  surface 
intensity  probe  method.  All  three  of  the  methods  allow  for  in-situ  measurements.  Details 
on  sound  power  measurements  and  theory  are  contained  in  the  recent  text  by  Koopmann 
and  Fahnline  (1997). 


The  following  sections  provide  the  theoretical  background  for  the  design  strategy  outlined 
above.  The  major  computational  components  of  this  design  strategy  is  the  computer  code 
POWER,  a  finite  element  code  which  has  been  developed  to  provide  the  dynamic  response 
of  a  shell  structure  with  tuned  absorbers,  and  a  simulated  annealing  program  that  is  used 
to  determine  the  optimal  distribution  and  mechanical  impedance  of  tuned  absorbers  for  a 
minimum  power  radiation  condition. 


4.  Dynamic  response  of  a  shell  with  tuned  absorbers 

4 A.  Dynamic  analysis  without  absorbers 

The  time-harmonic  equation  of  motion  for  the  shell  structure  is  Kx  +  Cx  +  Mx  =  F,  where 
K  is  the  stiffness  matrix  of  the  structure,  C  is  a  damping  matrix,  M  is  the  mass  matrix, 
felo>t  is  a  harmonic  driving  force  vector  with  frequency  co,  and  x  is  the  vector  of  amplitudes 
of  nodal  displacements.  Upon  substituting  x(t)  =  xeiwt  and  using  hysteritic  (frequency- 
independent)  damping  Cx  =  ia Kx,  we  get  [K  +  iaK  -  w2 M]x  =  f.  Here,  a  is  an  internal 
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damping  constant.  The  well-known  modal  superposition  technique  is  based  on 

N 

X  =  yn4>n  =  'by  (!) 

n= 1 


where  y„  is  a  modal  participation  factor.  Let  f  =  vector  of  external  forces.  Denoting  the  nth 
resonance  frequency  as  con,  O  as  the  matrix  of  eigenvectors  and  yo  as  the  vector  of  modal 
participation  factors  (of  the  structure  without  the  absorbers),  we  obtain  the  expressions 

y0  =  A3>rf  (2) 

and  x  =  ico<PA<Prf  =  ico<P yo,  where  A  is  a  diagonal  matrix  whose  elements  are  reciprocals 
of  [co2(l  +  ia)  —  a)2].  Further,  letting  Y  ==  im& A<t>T,  we  have 


x  =  Yf  (3) 

where  Y  is  known  as  an  admittance  matrix.  Note  that  Y  is  a  function  of  the  real  eigenvectors 
and  eigenvalues  of  the  shell  structure. 

The  shell  structure  is  modeled  using  Discrete  Kirchhoff  Triangular  (DKT)  finite  elements 
in  conjunction  with  Constant  Strain  Triangle  (CST)  elements.  Stiffening  ribs  or  structural 
frames,  which  are  often  found  on  shell  structures,  are  modeled  with  three-dimensional  beam 
elements.  Commercial  codes  can  be  used. 


4B.  Absorber  impedance 

A  force  balance  for  each  absorber,  results  in  the  expression 


e  =  Zv  (4) 

where  e  =  negative  of  the  force  exerted  by  the  absorber  on  the  structure,  v  =  velocity  at 
the  absorber  attachment  point,  and  Z  =  a  diagonal  matrix  of  absorber  impedances.  An 
expression  for  Z;  as  a  function  of  absorber  parameters  is  now  derived.  Figure  3  shows  a 
schematic  diagram  of  a  tuned  absorber  attached  to  a  point  on  the  shell.  The  displacement  at 
the  point  of  attachment  on  the  shell  is  given  by  zu  and  die  displacement  of  the  point  mass 
is  Z2*  In  this  analysis  we  assume  a  harmonic  solution,  so  that  z  =  —a)2z.  Using  a  force 
balance,  we  may  write  the  equations  of  motion  at  the  two  points  as 

k(\  +/t?)(zi  ~zi)  -  es 
Jc(  1  4-  iij)(z2  -  Z\)  -  ma)2zi  =  0 

where  es  is  the  force  exerted  by  the  shell  on  the  absorber.  Eliminating  zi  from  these  equa¬ 
tions,  and  noting  that  uj  =  z,\  =  iozu  is  the  velocity  of  the  shell  at  the  point  of  attachment, 
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Figure  3.  Schematic  of  tuned  absorber  with  displacements  shown. 


and  denoting  the  absorber  tuned  natural  frequency  by  <oa  =  s/k/m,  the  impedance  of  an 
absorber  may  be  written  as 


Zi 


m(i)2a(\  +  irj) 

ico— — - - 

coj(  1  +  irj)  -  co2 


(5) 


4C.  Force  balance 

Each  tuned  absorber  i  exerts  a  dynamic  force  e,  on  the  shell.  Also,  the  shell  is  excited 
externally  by  the  driving  forces  ft .  In  our  analysis,  we  will  assume  that  there  are  p  absorbers 
and  q  external  forces  on  the  shell.  If  we  choose  a  point  t  on  the  structure,  we  may  write  the 
velocity  at  that  point  in  terms  of  the  forces  (both  external  and  from  the  absorbers)  and  the 
admittances  of  the  shell  structure. 

Vt  =  ( Ytafa  +  Y,bfb  -I - h  Ytqfq)  ~  4 - h  Ytpep) 

where  the  Yq  are  components  of  the  shell  admittance  matrix  given  in  Eq.  (3).  The  locations 
of  interest  on  the  structure  are  the  points  of  attachment  of  the  absorbers,  since  it  is  the 
motion  there  which  we  wish  to  control.  The  velocity  at  the  point  of  attachment  of  absorber 
j  is  then 


VJ  —  ( Yjafa  4-  Yjbfb  4 - 1-  Yjqfq)  -  (Yj\e\  +  Y j2e 2  4 - h  Yjpep) 


(6) 
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Let  us  define  the  following  row  vectors 

c  j  =  {Yja  Yjb  ...  Yjq]  b  j  =  {Yn  Yj2  ••• 

Then  we  may  rewrite  Eq.  (6)  as 
vj  =  Cjf  —  b 

Or,  if  we  wish  to  write  the  vector  of  all  velocities  at  the  points  of  attachment  of  the  absorbers, 
we  have 


v  =  Cf  —  Be.  (7) 

where  C  =  {c\  c2  *  •  •  cp}T,  B  =  {bj  b2  •  *  •  bp}T .  Note  that  C  is  a  p  x  q  matrix  of 
admittances  relating  the  external  forces  to  velocities  at  the  absorbers  and  B  is  a  px  p  matrix 
relating  the  absorber  forces  to  the  absorber  displacements.  We  refer  to  the  dissertation  in 
Constans  (1998)  for  details  of  the  above  computations. 


4D.  Dynamic  analysis  with  absorbers 

Equations  (4)  and  (7)  yield  an  expression  from  which  the  velocities  can  be  determined  based 
on  the  parameters  of  the  absorbers  and  of  the  structure: 

v  =  (I  +  BZ)-1Cf  (8) 

The  above  equation  only  involves  the  inversion  of  a  small  ( p  x  p)  matrix.  Once  v  is 
determined,  then  the  absorber  forces  are  obtained  from  e  =  Zv.  Nodal  velocities  for  the 
entire  structure  are  obtained  by  re-defining  the  modal  participation  factors  as  y  =  A  T  (f-e) 
or  in  view  of  Eq.  (2): 

y  =  yo  -  A4>re  (9) 

Given  a  set  of  absorbers  (as  dictated  by  the  optimization  algorithm),  we  determine  the 
structural  response  from 

x  =  iax&y  (10) 

A  critical  observation  is  now  made:  the  expression  for  y,  viz.  y  =  yo  —  AOreis  inde¬ 
pendent  of  the  forcing  function  F.  This  is  exploited  in  the  present  work  by  experimentally 
determining  yo  and  then  using  the  above  equation  to  determine  the  y  and  hence  the  velocities 
in  terms  of  the  absorber  parameters. 
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5.  Calculation  of  sound  power 

A  full  development  of  the  boundary  element/wave  superposition  method  used  here  is  given 
by  Fahnline  and  Koopmann  (1996,  1997).  The  method  replaces  each  of  the  (triangular) 
elements  on  a  surface  with  point  acoustic  monopole  and  dipole  sources.  The  strength  of 
each  of  the  sources  is  found  through  a  volume  velocity  boundary  condition: 


u  =  Us 


(11) 


where  s  is  the  vector  of  source  strengths  (one  for  each  element  on  the  structure),  U  is  a 
matrix  relating  the  source  strengths  to  volume  velocities  and  u  is  the  vector  of  volume 
velocities.  The  volume  velocity  produced  by  a  single  element  is  defined  as 

un  =  ^  A„(xi„  +  x2„  +  x3„)  •  n„  (12) 

where  An  is  the  surface  area  of  element  n,  n„  is  the  unit  normal  to  the  element,  and 
X;„  (i  =  1, 2,  3)  are  the  nodal  velocities  at  the  comers  of  the  triangular  element.  The  nodal 
velocities  are  calculated  as  discussed  in  the  previous  section.  The  acoustic  source  strengths 
are  found  by  inverting  Eq.  ( 1 1 ).  We  may  write  Eq.  (1 2)  in  matrix  form,  solving  for  the  entire 
volume  velocity  vector  u  =  Vx,  where  V  is  a  matrix  containing  element  surface  areas,  unit 
normals  and  connectivity  information.  Writing  this  in  terms  of  modal  participation  factors 
we  have  u  =  /a>V<l>y  from  which 


s  =  i<wU  !V4>y 


(13) 


The  acoustic  power  is  calculated  by  pre-  and  post-multiplying  the  source  strength  vector 
by  a  coupling  matrix  S: 


FU  =  ^Re{swSs) 


(14) 


where  the  H  superscript  indicates  complex  conjugation  and  transposition.  The  matrix  S  is 
not  given  here  for  brevity.  See  Koopmann  and  Fahnline  (1997). 

Direct  use  of  Eq.  (14)  above  is  not  as  efficient  as  the  following  procedure.  Substituting 
Eq.  (13)  into  (14)  we  have 

Uav  =  ^(y2Re{y//<hrVrU^//SU_1V<Fy) 
or 


nat,  =  -ft)2Re{yHPy} 


(15) 
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where 


P  =  <t>TYTV~HSV-l\<t>. 

Varying  the  parameters  or  locations  of  tuned  absorbers  on  the  structure  will  affect  only  the 
modal  participation  vector  y,  while  leaving  the  P  matrix  unchanged.  The  P  matrix  may 
be  calculated  and  stored  before  optimization  begins ;  calculation  of  sound  power  involves 
only  the  determination  of  the  change  in  the  modal  participation  vector  through  Eq.  (9),  and 
pre-  and  post-  multiplication  of  this  vector  with  the  P  matrix  at  each  frequency.  This  new 
reanalysis  procedure  makes  feasible  the  use  of  the  sound  power  of  a  structure  as  an  objective 
function  in  optimization  with  tuned  absorbers. 


6.  Determination  of  modal  participation  factors 

Once  the  eigenvalues  and  eigenvectors  of  the  structure  are  known,  it  is  necessary  to  deter¬ 
mine  modal  participation  factors  (MPF’s)  for  the  structure,  either  experimentally  or  through 
a  known  forcing  function.  If  the  forcing  function  on  the  shell  is  known  a  priori;  we  may 
simply  use  y0  =  Ad>rF  to  determine  the  MPF’s.  In  many  cases,  however,  the  forcing 
function  is  unknown  or  is  very  complicated.  In  the  present  context,  the  forcing  function  is 
an  acoustic  excitation  induced  by  the  noise  source  on  the  enclosure.  In  this  situation,  we 
may  determine  the  MPF’s  experimentally  as  follows. 

Examining  x  =  ico® A<£rf  =  ico$> y0,  we  see  that  the  MPF’s  are  related  to  the  nodal 
velocities  through  the  matrix  of  eigenvectors.  In  theory,  we  could  measure  the  nodal  veloc¬ 
ities  at  all  points  on  the  structure  and  invert  the  equation  to  solve  for  the  MPF’s.  In  practice, 
it  is  not  necessary  to  measure  all  points  to  obtain  good  estimates  of  MPF’s;  only  certain 
critical  points  (e.g.  points  located  at  antinodes  of  the  mode  shapes  of  the  structure)  need  to 
be  measured. 

Let  us  denote  the  subset  of  measured  velocities  with  an  overbar,  in  which  case  we  have 

x  =  icoi>  y0,  (16) 

where  d>  is  the  submatrix  of  eigenvectors  associated  with  the  measured  nodes.  Note  that 
this  matrix  is  generally  not  square,  but  will  have  dimension  m  x  r  where  m  is  the  number 
of  measured  points  and  r  is  the  number  of  known  eigenvectors.  Premultiplying  Eq.  (16)  by 
the  transpose  of  the  eigenvector  matrix,  we  have 

x  =  ico®  4>yo. 


The  matrix  preceding  the  y  vector  is  now  square,  and  we  can  invert  this  equation  to  solve 
for  the  modal  participation  factors  without  tuned  absorbers. 

y0  =  — — (<&Ti>yli>Tx. 

CO 


(17) 
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For  this  method  to  be  successful,  the  number  of  measured  points  must  be  equal  to  or  greater 
than  the  number  of  modes  used  in  the  solution.  Obviously,  the  method  increases  in  accuracy 
as  the  number  of  measured  points  increases,  and  the  measured  points  should  include  the 
locations  of  the  largest  displacements  on  the  structure  (modal  antinodes). 

With  tuned  absorbers,  we  simply  update  the  MPF’s  using  Eq.  (9)  and  then  substitute  this 
into  Eq.  (8)  to  determine  the  sound  power. 

7.  Hybrid  optimization  algorithm  for  determining  absorber  locations 
and  parameters 

The  objective  function  to  be  minimized  is  the  total  sound  power  over  the  desired  frequency 
range 


minimize:  F  —  ^  fl/  (18) 

where  /min .  /max  are  the  minimum  and  maximum  frequencies  of  interest,  respectively. 

In  the  optimization  problem,  we  are  interested  in  two  major  objectives:  finding  the 
optimal  mass,  tuning  frequency  and  damping  for  each  of  the  tuned  absorbers,  and  finding 
the  optimal  absorber  locations  on  the  shell  for  minimum  sound  power.  Thus,  we  may  think 
of  the  problem  in  terms  of  a  local  optimization  (finding  optimal  mass,  tuning  frequency  and 
damping  at  a  given  set  of  absorber  locations)  and  a  global  optimization  (finding  optimal 
locations  for  the  absorbers).  The  local  optimization  is  performed  using  a  gradient-based 
algorithm,  viz.  the  ellipsoid  algorithm  (Urban  and  Gabriele,  1 993),  while  the  global  problem 
is  solved  using  simulated  annealing  (SA). 

The  choice  of  an  SA  code  was  motivated  by  the  fact  that  changes  in  absorber  locations 
can  cause  abrupt  changes  in  sound  power  due  to  shifting  resonances.  Thus,  the  location 
or  global  optimization  is  better  achieved  using  non-gradient  methods.  This  was  also  noted 
by  Keane  (1994).  Szykman  and  Cagan  (1995)  have  demonstrated  the  use  of  the  simulated- 
annealing  algorithm  in  highly  nonlinear  problems,  such  as  three-dimensional  routing  and 
component  packing.  The  SA  algorithm  used  here  is  based  on  the  one  presented  by  Corana 
et  al.  (1987).  The  algorithm  has  been  modified  to  handle  location  variables  as  follows. 
The  ‘step  size’  in  the  algorithm  is  interpreted  here  as  defining  a  three  dimensional  sphere, 
which  contains  a  certain  number  of  nodes.  To  choose  a  new  trial  design,  the  algorithm  picks 
one  of  these  nodes  at  random  and  moves  there.  As  the  algorithm  progresses,  the  radius  of 
the  sphere  becomes  progressive  smaller — a  result  of  the  existing  strategy  that  the  step  be 
adjusted  to  balance  the  number  of  accepts  with  the  number  of  rejects.  At  small  enough 
radius,  the  range  of  motion  is  frozen  at  the  current  node.  Once  all  absorbers  are  frozen,  we 
have  convergence.  Other  aspects  of  S  A  are  standard  and  their  discussion  is  omitted. 

Note  that  for  each  nodal  selection,  the  gradient  method  is  used  to  optimize  absorber  pa¬ 
rameters  and  the  sound  power  is  then  evaluated.  In  finding  optimal  tuned  absorber  locations, 
the  absorbers  are  constrained  to  lie  on  nodal  positions  of  the  grid  and  no  two  absorbers  may 
lie  on  the  same  node.  Also,  the  locations  tried  out  by  the  SA  code  are  recorded  so  as  to 
avoid  recomputing  the  objective  if  the  same  pattern  repeated  itself  in  the  SA  code.  At  the 
optimum,  the  absorber  parameters  are  used  to  design  “beam-type”  absorbers  described  next. 
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Figure  4.  Damping  mechanism  in  the  beam  absorber. 


Gradients  of  the  objective  function  (sound  power)  are  computed  using  forward  differences 
with  difference  parameter  s  =  0.01  *  x, . 


8.  Design  of  practical  tuned  absorbers 

The  tuned  absorbers  are  modeled  as  single  degree-of-freedom  mass/spring/damper  systems. 
For  experimental  purposes,  however,  the  “beam-type”  absorber  shown  in  figure  4  is  used. 
The  masses  at  the  ends  of  the  beams  serve  as  the  mass  element  in  the  absorber,  and  the 
bending  stiffness  of  the  beams  serves  as  the  spring  element. 

To  create  damping  in  the  beam  absorber,  the  scheme  shown  in  figure  4  is  used.  A 
narrow  plastic  rod  attached  to  one  mass  is  inserted  into  a  square  plastic  socket  attached  to 
the  other  mass.  Rotational  motion  of  the  masses  causes  the  two  pieces  to  slide  against  one 
another,  creating  friction  (and  damping).  Grease  is  placed  inside  the  socket  to  create  further 
damping.  Overall  damping  of  the  beam  absorber  may  be  tailored  by  varying  the  length  of 
contact  between  the  pieces.  A  simple  FEM  model  of  the  beam-type  absorber  was  created 
to  calibrate  the  beam-type  absorber  with  the  theoretical  SDOF  model. 


9.  Example  study:  A  gearbox  enclosure 

9A.  Problem  description 

Gearboxes  are  a  significant  source  of  noise  in  many  industrial  applications.  Moreover,  the 
casing  containing  the  gears  usually  has  high  impedance,  and  is  itself  not  amenable  to  noise 
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Figure  5.  Gearbox/motor  assembly. 


reduction  techniques.  To  test  the  optimization  strategy  presented  here,  an  enclosure  was 
designed  to  surround  a  gearbox/motor  assembly.  The  enclosure  is  a  thin  shell  structure 
which  may  be  tailored  for  minimum  sound  power  transmission.  Prior  to  this  example,  the 
methodology  was  applied  to  minimize  radiated  noise  from  an  enclosure  around  a  calibrated 
noise  source. 

Figure  5  shows  the  gearbox/motor/brake  assembly  targeted  for  noise  reduction.  The  AC 
motor  (manufactured  by  Dayton)  has  0.5  horsepower  and  rotates  at  a  constant  speed  of 
1725  rpm.  The  gearbox  (also  manufactured  by  Dayton)  has  a  nominal  input  shaft  speed 
of  1725  rpm  and  an  output  speed  of  91  rpm.  The  gearbox  output  is  connected  through  a 
coupling  to  an  electric  brake,  which  provides  a  load  on  the  gearbox  and  motor.  The  entire 
assembly  is  mounted  on  a  0.5  inch  thick  aluminum  plate. 

To  cover  the  gearbox  assembly,  an  enclosure  was  constructed  from  sheet  aluminum,  such 
as  shown  in  figure  2.  The  aluminum  is  0.090  inches  thick,  and  is  attached  with  epoxy  to  a 
frame.  The  frame  is  welded  together  from  0.5  inch  square  aluminum  stock.  The  aluminum 
sheet  covers  five  sides  of  the  box;  the  bottom  side  is  open,  in  order  that  the  enclosure  may 
fit  over  the  top  of  the  gearbox  assembly. 

9B.  Sound  power  spectrum  produced  by  gearbox 

The  first  step  in  optimizing  the  enclosure  for  minimum  radiation  is  to  determine  the  problem 
noise  frequencies  of  the  gearbox  itself.  The  sound  power  produced  by  the  gearbox  was 
determined  with  an  acoustic  intensity  probe  using  the  surface  scanning  technique.  During 
the  sound  power  measurements  the  electric  brake  was  powered  with  a  DC  power  supply 
at  a  voltage  of  15  V  and  a  current  of  0.5  A.  Figure  6  shows  the  results  of  the  sound  power 
measurements.  As  can  be  seen,  the  sound  power  has  an  initial  peak  in  the  125  Hz  | -octave 
band  of  69.06  dB,  and  then  drops  to  around  60  dB  until  315  Hz.  The  largest  peak  is  in  the 
400  Hz  band,  with  a  power  of  72.38  dB. 

In  practice,  the  higher  frequency  noise  would  be  reduced  with  the  use  of  damping 
material  (such  as  fiberglass)  placed  inside  the  enclosure.  Low  frequency  noise,  such  as  that 
contained  in  the  125  Hz  band,  is  not  absorbed  by  damping  material  and  must  be  controlled 
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1/3  Octave  Band 


Figure  6.  Sound  power  measurements  of  gearbox  without  enclosure  (dB  reference:  10  12  W). 

structurally.  Therefore ,  the  noise  in  the  125  Hz  band  {extending  from  111  to  140  Hz)  is 
targeted  for  reduction. 

9C.  Finite  element  model  of  enclosure 

To  model  the  enclosure  a  finite  element  mesh  was  created  with  141  nodes  and  256  shell 
elements.  The  frame  was  modeled  using  64  beam  elements.  The  nodes  along  the  bottom 
of  the  enclosure  are  clamped.  Since  the  gearbox  noise  targeted  for  reduction  is  centered  in 
the  125  Hz  | -octave  band,  only  the  first  fifteen  modes  were  calculated.  According  to  the 
finite  element  analysis  of  the  enclosure,  these  modes  occur  between  90  and  280  Hz.  The 
results  of  the  eigenvalue/eigenvector  analysis  are  shown  in  Table  1. 

9D.  Experimental  modal  analysis  of  gearbox  enclosure 

In  order  to  confirm  the  eigensolution  found  by  the  finite  element  analysis,  an  experimental 
modal  analysis  was  performed  on  the  gearbox  enclosure  using  the  STAR  modal  analysis 
software  package.  Table  1  shows  the  results  of  the  experimental  modal  analysis,  which 
was  carried  out  over  the  range  of  50-250  Hz.  STAR  found  twelve  modes  below  250  Hz, 
corresponding  to  the  first  twelve  modes  predicted  by  FEM.  The  results  from  the  experimental 
modal  analysis  agree  well  with  the  predictions  of  the  FEM  code,  with  a  maximum  difference 
in  natural  frequency  of  7%. 

9E.  Determination  of  modal  participation  factors 

To  calculate  modal  participation  factors  for  the  gearbox  enclosure,  nodal  velocities  at  certain 
points  on  the  structure  are  needed.  These  were  measured  with  a  pair  of  accelerometers:  one 
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Table  L  Predicted  vs.  measured  natural  frequencies  of  gearbox  enclosure. 


Mode  # 

Natural  frequencies  (Hz) 

Predicted 

Experimental 

%  Difference 

1 

93.09 

91.84 

1.36 

2 

126.17 

130.97 

3.66 

3 

156.16 

146.09 

6.89 

4 

157.86 

154.08 

2.45 

5 

168.15 

179.47 

6.31 

6 

179.42 

191.63 

6.37 

7 

182.03 

176.68 

3.03 

8 

203.19 

201.79 

0.69 

9 

204.19 

206.34 

1.04 

10 

220.62 

218.01 

1.20 

11 

220.69 

218.17 

1.16 

12 

232.53 

231.25 

0.55 

13 

254.49 

NF 

14 

278.27 

NF 

15 

279.17 

NF 

accelerometer  remains  fixed  and  is  used  as  a  phase  reference.  The  other  accelerometer  is 
used  to  measure  the  velocities  at  3 1  points  on  the  enclosure.  The  measurement  points  are 
shown  in  figure  7.  Once  the  participation  factors  have  been  calculated,  they  may  be  used 
to  predict  the  sound  power  of  the  enclosure  before  optimization. 

The  predicted  and  measured  sound  power  of  the  gearbox/enclosure  system  is  shown  in 
figure  8.  A  two-microphone  intensity  probe  was  used  to  measure  sound  power  radiated 
through  a  fictitious  rectangular  grid  surrounding  the  enclosure.  General  agreement  is  seen 
between  predicted  and  measured  values,  although  the  sound  power  prediction  code  seems  to 
consistently  overpredict  sound  power.  This  is  most  likely  due  to  the  relatively  small  number 
of  measurement  points  on  the  structure  (3 1  out  of  a  possible  1 44).  More  measurement  points 
would  have  the  effect  of  fixing  the  values  of  a  greater  number  of  nodes  to  the  measured 
values,  thereby  minimizing  the  effects  of  measurement  error. 

Most  of  the  gearbox  noise  is  transmitted  to  the  environment  through  Mode  3  of  the 
enclosure,  which  is  shown  in  figure  9.  In  Mode  3,  both  of  the  large  sides  of  the  enclosure 
vibrate  in  an  “umbrella”  type  mode,  that  is,  all  points  on  each  side  are  in  phase. 

9F  Optimization 

The  eigenvalues/eigenvectors  for  the  enclosure  and  the  experimentally-determined  modal 
participation  factors  were  entered  into  the  optimization  code,  which  then  found  optimal 
absorber  locations  and  parameters  for  the  cases  of  one  and  two  absorbers.  The  constraints 


OPTIMALLY  DESIGNED  SHELL  ENCLOSURES  WITH  TUNED  ABSORBERS 


81 


Figure  7.  Velocity  measurement  points  on  gearbox  enclosure. 


1/3  Octave  Band 


Figure  8.  Predicted  vs.  measured  sound  power  before  optimization  (dB  reference:  10  12  W). 
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Table  2.  Lower  and  upper  bounds  on  absorber  parameters  (110-140  Hz  band). 


Natural  frequency  (Hz) 

Mass  (g) 

Damping 

Lower  limit 

110.0 

10.0 

0.02 

Upper  limit 

140.0 

50.0 

0.10 

Initial  values 

100.5 

50.0 

0.02 

)  End 


Node  67 

Figure  9.  Third  mode  shape  of  gearbox  enclosure.  (Node  75  is  located  opposite  to  node  67.) 


placed  on  the  absorber  parameters  can  be  seen  in  Table  2.  The  mass  of  each  absorber  was 
limited  to  50  grams,  or  0.6%  of  the  total  enclosure  weight  of  8.25  kg.  The  damping  (77) 
was  limited  to  a  value  of  0.1;  this  value  was  found  through  experimentation  to  be  readily 
achievable  with  the  damping  mechanism  described  earlier.  Finally,  the  natural  frequencies 
of  the  absorbers  are  bounded  by  the  upper  and  lower  frequency  limits  of  optimization 
(110-140  Hz). 

Table  3  shows  the  optimized  absorber  locations  and  parameters  for  the  one-  and  two- 
absorber  cases,  as  well  as  the  predicted  reduction  in  sound  power  in  the  target  band.  In  both 


Table  3.  Optimal  absorber  locations  and  parameters. 


Location 

Natural  frequency  (Hz) 

Mass  (g) 

Damping 

An  (dB) 

Optimization  with  one  absorber 

Node  75 

111.00 

48.8 

0.054 

1.7 

Optimization  with  two  absorbers 

Node  67 

122.83 

50.0 

0.052 

11.6 

Node  75 

122.46 

50.0 

0.020 

See  figure  9  for  location  of  nodes. 
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V3  Octave  Band 

Figure  10.  Predicted  sound  power  before  &  after  optimization  with  two  absorbers  (dB  reference:  10~12  W). 

cases,  the  optimized  absorbers  are  located  at  the  centers  of  the  large  sides  of  the  enclosure. 
Only  a  1 .7  dB  reduction  in  sound  power  is  possible  with  a  single  absorber.  Since  both  sides 
of  the  enclosure  are  vibrating  with  large  amplitude,  the  effect  of  reducing  the  vibration 
of  only  one  side  is  negligible.  In  contrast,  figure  10  shows  that  a  significant  reduction 
(1 1.6  dB)  in  sound  power  can  be  achieved  with  two  optimized  absorbers.  These  two  cases 
demonstrates  the  utility  of  a  design  methodology  which  can  optimize  multiple  absorbers 
simultaneously. 

9G.  Experimental  verification 

To  confirm  the  optimization  results  experimentally,  two  absorbers  having  the  parameters 
shown  in  Table  3  were  constructed.  Both  absorbers  are  made  of  brass.  The  end  masses  are 
made  from  0.5  x  0.5  inch  bar  stock  and  0.75  x  0.0625  inch  bar  stock  was  used  to  build  the 
beams.  Four  0.5  x  0.125  inch  notches  have  been  removed  from  the  ends  of  the  beams  to 
make  the  absorber  more  closely  approximate  the  FEM  model.  Figure  1 1  and  Table  4  shows 
the  dimensions  of  the  experimental  absorbers,  as  well  as  the  total  measured  weight  of  the 
absorbers  including  the  damping  mechanism. 

Table  4.  Critical  dimensions  of  beam  absorbers. 

Absorber  node  Mass  height  H  (mm)  Beam  length  L  (mm)  Total  mass  (g) 

67  13.1  125.2  66.5 

75  13.0  125.6  65.3 
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After  the  absorbers  were  tuned,  they  were  placed  in  their  optimized  locations  and  the 
sound  power  was  measured.  Figure  12  shows  the  predicted  and  measured  sound  power 
reduction  achieved  through  the  absorbers.  An  11.6  dB  reduction  in  sound  power  was 
predicted,  and  a  13.8  dB  reduction  was  measured.  In  the  100  Hz  band,  the  code  predicts 
a  5  dB  increase  in  sound  power  while  a  2  dB  decrease  was  measured.  The  discrepancy 
occurs  because  the  static  mass  of  the  absorbers  is  not  accounted  for  in  the  model  (the  static 
mass  is  the  difference  between  the  measured  mass  and  the  dynamic  mass  of  50  g).  Overall, 
however,  the  agreement  between  predicted  and  measured  results  is  quite  good.  A  13.8  dB 
reduction  in  sound  power  has  been  achieved  through  the  addition  of  only  131.8  g  of  mass 
(1.6%  of  the  enclosure  weight). 


10.  Conclusions 

The  preceding  case  study  has  shown  that  significant  noise  reduction  can  be  obtained  through 
the  use  of  optimized  tuned  absorbers.  A  reduction  in  sound  power  of  13  dB  was  achieved 
in  the  target  band  through  the  addition  of  only  1.6%  of  the  weight  of  the  enclosure.  The 
reduction  was  obtained  despite  the  relatively  high  modal  density  of  the  enclosure. 

The  design  methodology  presented  here  is  relatively  insensitive  to  slight  errors  in  the 
manufacturing  of  the  absorbers.  While  tuning  the  absorbers,  deviations  of  approximately 
5%  in  tuning  frequency  and  10%  in  damping  values  were  noted.  This  had  only  a  small  effect 
on  the  measured  sound  power  of  the  enclosure.  To  conclude,  the  use  of  thin  shell  enclosures 
with  optimally  tuned  absorbers  offers  the  possibility  of  significant  noise  reduction  through 
the  addition  of  very  small  amounts  of  weight.  Future  work  will  address  problems  where 
several  modes  are  dominant  in  the  noise  spectrum  and  numerical  challenges  when  several 
tuned  absorbers  need  to  be  optimally  sized  and  located. 
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